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EXTENSION OF PENCIL OF FUNCTIONS METHOD TO REVERSE-TIME
PROCESSING WITH FIRST-ORDER DIGITAL FILTERS

I. INTRODUCTION
Signal representation and approximation is basic to (a) time-domain
extraction of singularities of a scatterer's field pattern. It 1s also
useful in (b) bandwidth compression of signals, and (c) time-domain measure-
ment and testing of networks/channels. This report discusses a unified
approach to répresenting or approximating a given empirical signal by sum
of exponentials, i.e., for finding the right hand side of

n ALt n W

i i
h.(t) 2h(e) = I W, e > H(s) = I -
d =1 1 11 5 = g
n-1 n=2
} an;’ +4§g—28 +. .+ Bo
n
s + an-l + ieee + ao

or, equivalén:ly, the right hand side of the sampled version

n Ri
— H(z) = L

yk
i=1 (1-z iz-

n
hy(k) = h(k) = I

R,(z
=1 144

)

-n+l

-1
byt byz ...k b gz

-1 -
1+ alz + ... + anz

The poles Ai (or Yi in z-domain) are either real, or they occur in complex

=
n

conjugate pairs.

In the method described here, the data signal is processed in reverse-
time by a cascade of first order digital filters —- each u(z) = 1/(1—qz-1),
to yield a family of information signals. The Gram matrix G of these infor-
mation signals is shown to contain the esseritial information on the denominator
parameters of H(z). Specifically, it is shown that A(2) is determined as

1




o+l
Az = 2RI Wy (z—1)"*’1'1]/./1>i
1=1

where Di are the diagonal cofactors of the matrix 3. The numerator para-
meters are then determined using a least-squares fit, i.e., b = - P-%g,
where P and v are defined in the paper.

The entire procedure is thus noniterative and computationally efficient.
It is a further generalization of the method developed in [4). Examples
presented demonstrate (i) noiseworthiness in the representation problem
when data are corrupted by noise and (ii) the effectiveness of the method
in the approximation problem. Comparison of the method with the maximum
entropy method (or linear predictor) and the Prony method is also included
in the report.

The structure of the report i{s as follows. The fundamental results
relating to the signal representation/approximation problem, through the
use of reverse-time processing by fitst-order digital filters, ar; obtained
in Chapter II. The important question of parallelism and orthogonality of
the information signals is explored in Section III. Chapter IV gives the
input description and user instructions for the ptogrém POF-FILTER which
implements the method of Chapter 1I, Application examples as well as com-
parison with other methods, are given in Section V. Appendices A gives
l1isting and description of program POF-FILTER and its routines. Appendices
B and C contain the computer outputs relating to Example 1 and Example 2,

respectively, of Section V.,

Rk o




SECTION II

FIRST-ORDER FILTER BASED PENCIL-OF-FUNCTIONS

METHOD FOR MODELING IMPULSE RESPONSES

We shall be interested in modeling the impulse resonse [1]-[3]

-1 -n
n b,z 4+ ...+b 2z
y@ = I Ry (gpf e B = W
i=]1 1+ a z + ... + an z

from its numerical data. Suppose a suitable K has been selected such that

y(k) = 0 for k > K (so that use of the upper limit K instead of = on summa-

tions may be permitted). We define the reverse-time first-order filtered

signals as
yl(k) = y(k)
y,(k) = aqy,(k+l) + y,(k) (2)

k) = qyy(k+1) + yn(k)
where N=n+l, and yi(x+1)-o for i=1,2,..,N. Further, 0 < q < 1.
This family of signals, which we shall call information signals,

exhibits the interesting property stated below.

Lemma 1
n R k -
Voaqk) = Z (z,) . )

Proof: We prove this by induction. For i=0 the statement is trivially
true since it is identical to (1) for this case. Assﬁming it to be true
for 1{-1, let us procged to prove it is true for i.

From (2)

Yypp () = aygyy (k1) +y, (k)
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which is readily shown to be equivalent to

-]
v-k
Y1) = I q

y, (V)
v=k i
! n R ©
=t . -1 z qV-k(zg)v (from induction
! L=1 (1-q zy) v=k hypothesis)
' n R -
e =N M O M
=1 (1-q zz) v=k

The result of equation (3) follows immediately by observing that

-]
v-k w=k 1
L q (z,) .
vak 2 (1-q z))

This Lemma leads us to the crucial observation stated next.
Lemma 2

The set

(qzm-l)y2 +'yl, (qzm-l)y3 + Yo vee s (qzm-l)yN + ¥, ’ (5)
%g linearly dependent for m=1,2,...,n where z, are the poles of the right
hand side of (1).

Note: We have used the notation vy to denote the sequence {yi(k)},

k=0,1,2,....

Proof: In view of (3) we find

‘ n q(z_- zR.)RR, K
£ (qz_-1)y, (k) + y, (k) = I ——=(z)) (6)
T m i+l i g=1 (1-q 29,)1 ?

L#m
for i=1,2,...,n. Clearly, the sequences (qzm-l)yi+1+yi, i=1,..., n
each contain only n-1 modes (zl)k. L¥m hence are linearly dependent.

We can now apply the pencil-of-functions theorem of reference [4]

to obtain the central theoretical result of this section.




s ; We will call z, (see (1)) the poles of the impulse response, Rl the
corresponding residues, and Py~ {(zl)k} the associated modes., Note that
the poles occur in conjugate pairs whenever complex, as do the residues,

since y is real.

Define the N x N dimensional Gram matrix (recall, N=n+l) [6]

<y1’y1> o o . <y1vyN>

w Ll L] . L] L] K
= F = e . » Yy = Ty, )y ) (7a)
; <y r¥,> S k=1

it MR 4 1124

or, equivalently,

X T
F = I £KEf(® (7b)
k=1

where £1(k) = [y, (k) y,(K) .... yy(O1.

Theorem 1 - : .

The poles of the impulse response y(k) must satisfy the equation

N N-1
z /bi (qz-1) =0 (8)
i=1 .
where Di are the diagonal cofactors of the Gram matrix F (defined in (7)
i T Proof: The theorem follows immediately upon application of the pencil

of functions theorem (reference [4]) to the set (5).

Note that the denominator of transform of the impulse response

is given by
N-1i

N
A(Z) = D -1/2 @)™ T
1 fel

(qz-1) 9

i

This follows from (8) by dividing through by z" and by normalizing the

coefficients so that the leading coefficient becomes unity.

5




Determination of the denominator polynomial A(z) completes the first
of the two steps in the decoupled pencil-of-functions method. The next
step, finding the numerator coefficients in B(z), or equivalently finding
the residues R,, can be accomplished in two alternative ways.

i

The first method consists in solving for the residues from the

equationl
| 1 1 .. 1 | & 'y
| l-qz1 l-qz2 l-qzn ‘ 1 2
1 1 . . 1
l 2 2 2 ! RZ ‘ Y3(0)
; (1-qz,)" (1-qz,) (1-qz ) | L=
. . - . - .
|
1 1 1 ! |
—y 'R ¥ (0)
N N N n ! N '
(1-qz)) " (1-qz,) (1-qz)) | |

This equation follows from (3) upon setting k=0 and letting i range from
1 to n. Clearly, the use of this equation requires that the poles z be
determined from the denominator A(z) by use of a root-finding routine.
This requirement is of no consequence if the final answers are needed in
the s-domain, for conversion to s-domain involves finding the roots of
A(z) anyway.

The alternative approach is to find the optimum least-squares

numerator coefficients (given the denominator of (9)) through the equation

1 The equation corresponding to i=0 is ignored in formulating (10) because
of the relatively poor signal/noise statistics of y,(0) (compared to,
say, v,(0)) when the impulse response data contain additive wideband
noise.” This statement assumes that the bandwidth of y(k) is much
smaller than that of the additive noise.

6




= - [ - v L—
<w1, w,> <wl, w2> .« . <w1, wn> b1 <y, w1> A
<w2, w1> <w2, w2> .« . . <w2, wn> b2 ~ ‘<y, w2>
P . - e (11) |
i | ; f
l . . e e . . ‘ . ‘ ‘ .
: L-<wu, w1> <wn, w2> . e e <wn, wn> bn--; ;_<y, wn>_.

where w, denotes the impulse response of z-i/A(z). Note that wi(k)-w(k-i)
where w(k) is the impulse response (i.e., inverse z-transform) of 1/A(z).
All inner products are summed from k=0 to K.
Discussion

Equations (9) and (11) have been implemented in a computer program ;

"POF-FILTER"” written in FORTRAN IV. The program is presented in Section |

111. ' i

The idea of reverse-time integration was proposed by Carr in [7]
and Jain in [8]. Here, we have generalized the concept of reverse-time
] processing to the case of first-order filter processing. Note that the
first order filter l/(l-qz-l), used above, encompasses integration; just
let q=1.

It should be borne in mind that the approach developed above is

applicable to impulse responses only. With some effort, it may be modified
for use to step responses and square-pulse responses. For more general
), inputs, however, one must use the coupled approach dicussed in [9] (which

of course involves greatly increased computations, e.g., the Gram matrix

involved is of an order twice as high as in the decoupled procedure).
The decoupled approach can be used only 1f the data is of sufficient

3 length K such that y(k>K)=0 for all practical purposes.

7




The reverse-time processing of y(k) through the first order filters
can be interpreted as forward-time processing of the signal h(k)=y(K-k)
through the same filters.

The use of square-roots of cofactors of the Gram matrix is analogous
to the use of square-root factorization [10] of the Gram matrix. Attendant
advantages are therefore expected to be realized. A more detailed analysis
of this connection will be discussed elsewhere.

The transfer function of the first order filter used in equation (2)
is u(z)= 1/(1-qz-1). Instead, we could use filters with transfer funnction
ul(z)- (l-q)/(l-qz-l); these filters have a d.c. gain equal to unity and
the ratio of the output power to the input power is a direct measure of
the extent of the rejection of higher frequencies. Equation (9) remains
valid even when these unity d.c. gain filters are used.

Note that the first-order filtering (in reverse time) is achieved

in (2) recursively, without the need to carry out discrete convolution.




SECTION III

PARALLELISM AND ORTHOGONALITY OF INFORMATION SIGNALS

Hera we consider the important matter of parallelism and orthogonality
of the information signals. In the last section we processed the signal
h(k)= y(K-k) through first order filters ul(z)-(l-q)/(l-qz-l). This is
depicted in Fig. 1. Note that forward time processing of h(k) is equivalent
to reverse-time processing of y(k). Because of familiarity with forward-
time processing we will carry out the discussion below in terms of the
signal h(k).. Also note that hi(k).yi(x-k)’ i{=1,2,..,N. Finally, we
remark that the Gram matrix and the properties of parallelism/orthogonality
of the two families of signals hl’hz""’hN and YysYqseees¥y are identical.

Indeed, <hi’ hi> = <yi, yi> and <hi’ hj> = <yi, yj> for 1,3=1,2,...,N.

h(k)-hl(k) . T by : h3 ‘
—_—e (@) - @) - T e (@) - s

—— e ——

Fig. 1. Generation of information signals
by use of first-order filters.

The magnitude (vs. frequency) characteristic of the first order filter
ul(Z) is shown in Fig. 2. The cutoff frequency (- 3dB point) w, is related
to the parameter q as [5]

1 1 .
w, = 3 Ln(q) (12)
where A 1is the sampling interval. Defining ) as the normalized frequency
(i.e., the ratio wlms where wy is the sampling frequency in radian/s)

we can express the normalized cutoff frequency Qc as

1 .
ﬂc =3 Ln(1/q) (13)
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luged | i
~20 o 0.01
| |
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e *e We ¢ 1c c
Fig. 2. Magnitude characteristic of ul(z)- -1-3;_1
0.075 AN . 4
!
} | I
Q 0.05 P———i- :
c ! :
' |
0.025 e R
1. i 'y 1. 1 i FU {
0.6 ’ 0.7 0.8 0.9 1.0
-_q .——>
Fig. 3 Normalized cutoff frequency vs. parmeter q
The normalized cutoff frequency Qc is plotted against the filter
parameter q in Fig. 3.
To analyze the parallelism/-~thogonality (PQ) properties of the
information signals let us define the connection filters
Mo(z) = 1
" (14)
M (2) = (u;(2))7, i=1,2,...,n
10
e madioiiniien, “——J i
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Attenuation

B O

80 that we may write

Hi+l(z) = Mi(z) Hl(z) (15)

Note that Mi(z) is an {-pole filter with a pole of multiplicity 1 at z=q.

The magnitude characteristic of the filters M_.,...,M are shown in Fig. 4

4
for q=0.8.
T o
1T - L3~J At . it i&[
0 dB T —~ , 1.0
4 - — - ‘ - :
5 \ : s N " o 0.5
T NN NS — J 0.25
1 . N NO T T ]
] i N N I "~
-10 — NN - 0.10 2
S WA o N A [ -
. T N O \-_\_C 0.05 .
-13 T it \\ \ NN % 2.1 N 3
‘ 10 I O 4 NS ONIMATEN ; - =1 0.025 &
i g ) WA A : ]
: 1 N\ N 1
-20 \. AN ! . 0.01
0.10)c 1.0(»c 10.0wc

Fig. 4. Magnitude vs. Freq. of connection filters
We now present an approximate, and somewhat heuristic, analysis of
the PO properties of the family of information signals.
Approximations -
We approximate the magnitude characteristics of the connection
filters M1 as shown in Fig. Sa.
The phase properties of Mi will be ignored (assumed identically zero)

It is then possible to write

Mi(ejm) = L@+ + L@ (16)

where Li(m) are the bandpass filter characteristics shown in Fig. 5b.

Further, (15) and (16) together yield

11




0 dB
[,
-10 dB —
1 Lo (w)
(w)
1
2
L, (w)
-10 dB 4 |
(v)
Fig. 5. Idealized connection filters and BP constituents.
B @ = @@+ el 1 @) B (170)
= Oi(m) + 0.0 + ¢n(w) (17v)
where
0@ = LW H (18)

Clearly, 01(m), i=0,1,...,n are orthogonal. Indeed,

JWwg/2 wg/2
(w0 W aw = | JB )2 L, L, W 4
¢ f 1 e ;) w) dw
-wg/2 -wg/2
= 0 for 1¥j (19)
because Li(m)-o wherever Lj(w)#o and vice-versa. Let us state this in
the time domain as
-1

where 61 is the Kronecker delta and {¢i(k)} -i; Oi(w).

We can summarize the above discussion as follows.
Theorem 2
The information signals are approximately tri-orthogonal.

Proof: From (18) and (20) we have
12
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—————— 3
i

' - - q
[n, S R S 1] [,
h2 0 1 1 . . 1 °l
0 0 1 . . 1 ¢
h 2
3 ~ (21)

L] . 1
L | __hNJ _9 0 0 00 li -¢n i
1
* i where ¢0’ cecny ¢n are a set of orthogonal signals. The approximation

sign arises because of the assumptions made earlier.. é

Now reversing the time-indices about k=K, we have
h l'yl 1 1 1 | "’oT

Yy 0 1 1 .. 1 wz

y 0 0 1 N | ]

. - - L] » - 1

Ly3d L0 0 0 00 1] L.Wn-
where, by definition wi(k) - ¢1(K-k). Since
<¢1' ¢j> - <w1’ wj>
] 2
= o 615 (23)

the assertion of the theorem is proved.

Note that the weights 01 can be calculated (in view of (18)) as
m;/z
tudy 2
o, = |L1(w) H (e Yl dw

3 ~Wg/2
- Else, they may be cglcula:ed in the time domain via (20).
13
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Note that (22) may be writen more compactly as

I =Uy (25) ’

T

vhere y = [yl, Yos oo ,yN] sy b= [clo, 01, oo s an] T and U is

the upper triangular matrix of 1's. Secondly, we observe that the Gram

matrix of the information signals can be written as
T
F = <Z’ Yy > (26)

where the inner-product is taken over each term of the matrix y xT. In

terms of the approximate tri-orthogonal characterization in (22), or (25),

we have

n P mat a et A

F = U <_‘£,_¢_T> ot

= UL UT (26)

where I 1s the n+l dimensional diagonal matrix diag{oo,ol, ,on}.

The lemma below summarizes the PO properties of the information

signals.

: Lemma 3 . i
! The correlation coefficient of a pair of information signals ! ;'
* yiandyj, j>1 is

G cee *+ G

i-1 n

- P, = / . 1,j=1,...,n+1 27)
ij SCARLETRR A .

Proof - The relation follows readily from the approximate tri-orthogonal

characterization of the information signals., Using (22) and (23), we have

Oy _q* +o0 * 0,

e =
1] + ...+ 0

+ ...t 0 '/°j-1 a

941

which is the same as (27).
14




Discussion

In any system identification technique it is desirable to have basis
functions that differ significantly from each other. Ideally, they should
be orthogonal. By varying the parameter q between O and 1, it is possible
to generate sets of basis functions that vary between a set whose elements
are almost identical to approximately a set whose elements are orthogonal.

If q = 0 (recall that q is the z-domain pole of the first order

filcers ul(z)), then the connection filters M, all have a nearly all-pass

i
characteristic, and as a result oi =0 for i ¥ n. Thus on dominates all

other Ui and we have

pij =1

This is undesirable; however, such is indeed the case when unit-delays
are employed such as in methods like Prony, Linear Predictive analysis,
Maximum-Entropy method, etc. {1]-[2]. The strong correlation between the
basis functions leads to numerical difficulties.

On the other. extreme, q=1 results in pure (digital) integration of
y(k), in reverse-time, for generation of the information signals. In this
case the analysis of PO properties developed above is not applicable.

Therefore, consider q close to one (from the left; e.g., q = 0.99. Now

the cutoff frequencies Wis Woy ceey W become crowded near the zero frequency.

Hence oi = 0 for 1 # 0 and 0, dominates all other 0,. Therefore, Yoo eees

In have very small energy (tgus very small fractioniof signal informatiom),
and they are nearly orthogonal to Yy

Intermediate values of q lead to other useful sets of basis functionms.
Example

Consider that the signal y(k) has flat low-pass spectrum from 2 = 0

to 0.05 with amplitude level 10. Then q = 0.8 and n = 4 lead to the values

= 1,45, ¢, = 1,28, o, = 0.46, 0, = 0,31, 0, = 1.5

% 1 3 4
from which the correlation coefficients can be computed readily. For

example 923 = 0.893, and 01“ = (0.548.

15
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SECTION IV

PROGRAM DESCRIPTION

The program POF-FILTER is a high accuracy FORTRAN IV program designed

to implement the decoupled pencil-of-functions method. Specifically, it

models the impulse response of a finite-order linear system by processing

the given data through a cascade of first-order linear filters in reverse-

time.

*

Some of the features of the program are stated below.
Decoupled denominator and numerator determination. This permits
fairly high order models to be determined, since the order of the
Gram matrix is n+l where n is the model order (or n+2 when data
bias is also to be estimated. 1In cohtrast, the coupled procedure
requires the use of a 2n+2 order Gram matrix (or 2n+3 when bias is
also to be estimated)
First-order filter, rather than pure integrators, are used for
generating the family of information signals. This results in a
nearly tri-orthogonal set of signals which result in a better
conditioned Gram matrix than with the use of pure integrators.

Bias correction option. Data bias can be estimated and thereby

" more accurate estimates for the model transfer function parameters

obtained.

Noise correction option. A preliminary routine for estimation of
noise effect,and correction thereof, has been included. Theoretical
work and testing/improvement of this routine remains to be done.
Direct transmission option. Structural correctness of the model

in either the presence. or absence of the direct transmission

term is preserved by exercising this option.

Results of modeling are obtained in the z-domain and on an optional
16




basis in the s~domain also.

* Simulation option. The data modeled may be laboratory test data, or
one may generate an impulse response within the program by specifying
it either in the form éilkz(zzlk or by the z-domain transfer
function B(z)-(bo+blz-1+ ..+bnz-1)/(1+alz-l+ . +anz_n ).

In the simulation mode, a desired amount of bia§ and/or additive noise

may be incorporated for test purposes.

In the laboratory-data case, a preliminary bias removal and a data scaling

pProcedure (to maximize the effectiveness of the algorithm)has been incorporated.

* The routine which finds the cofactors of the Gram matrix of the
information signals has been optimized by incorporating a scaling
and corresponding descaling stages.

* For comparison purposes the program provides the option to use two
other modeling techniques, the linear predictor and the Prony method.
The latter can be the claséical Prony, which uses 2n+2 data points,
or the least-squares Prony.

The provision of these methods within this single program is an
essential step toward the evaluation of the pencil-of-functions method
against other benchmark methods.

The input data cards on the subsequent pages give a description of all

input variables, and in so doing provide an understanding of the program

use.

17
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CARD # 1

CARD # 1

CARD # 2
CARD # 3
CARD # 4
Variable Name
(Format)

NPT (14)

IXX, IYY (212)
N (12)

ISIM (I2)

NCOMP (I2)

IPLT (I2)

NNPT (14)

INPUT DATA CARDS

The first card is a title card.

The first card is a title card. Columns 1 through 70 are

available for alphanumeric title.
This title is reproduced in the output

Another citle card (columns 1-70). Not reproduced in output

e

A

Another title card (columns 1-70). Not reproduced in output

First option card

Preferred/default
Description Columns Value =
Number of signal points used in 1-4 -
analysis/modeling
Blank (unused) 5-8 -
Model order 9-10 -
Simulation mode option 11-12 -
ISIM = -1 Real (laboratory) data
in integer format (1015)
= 0 Real (laboratory) data
in real format (10F8.6)
= ] simulation from digital
transfer function
= 2 gimulation from sums of
exponential*sinusoid form
(specified in continuous-time
domain)
Number of terms in the sums of . . 13-14 -
exponential*sinusoid form
Plot option 15-16
IPLT = 0 Plot routine not called
a 1 Plot of the original data
and model response obtained
= m same as 1 except that every )
mth point of the signals are i
plotted (e.g., with m=2 alternate i
points are plotted)
Number of signal points read or 17-20 NPT

through simulation. NNPT should
be greater than or equal to NPT

18




YYYY (F10.0)
pT (F10.0)

BIAS (F10.0)

ANBIAS (F10.0)

VAR (F10.0)

CARD # 5.1-5.n

Blank (unused) 21-30
Sampling interval 31-40
Bias to be added to data 41-50

This is for use in the simulation
modes (ISIM=]1 or 2) when it is
desired to study the effect of
bias on data

Number of points used for a preli- 51-60 Leaving this

minary estimate of bias. That is, blank results
NBIAS= Integer (ANBIAS) number of in the use of
roints from the right are used to 20% dta from

find a crude estimate of bias; this the right for
crude bias is subtracted from data. crude bias.

This is useful only when real data
is analyzed (ISIM= -1 or 0), and ignored
when simulation data is generated.

Variance of noise to data 61-70
Must be used only in the simulation

mode (ISIM=1 or 2)and should be left
blank when real data is analyzed.

If ISIM= -1 or O these cards contain 1-50 if ISIM=-]1
real data 1-80 1if ISIM=Q

If ISIM= 1 these cards contain (in
(5F10.0) format the coefficients of
the z-domain transfer function; first
denominator coefficients, and on
succeeding card(s) the numerator
coefficients.

If ISIM= 2 these cards contain (in
(5F10.0) format the coefficients of

the exponential*sinusoid terms; one
such term on each card. Each card
contains a) the weighting coefficient
b) the exponent (real), c¢) the radian
frequency of the sinusoid, and d) the
phase of the sinugoid. If the phase is
zero, the sinusoid is a sine wave with
zero value at k=0.

Example: If y(t)= e-t4-7e-3t Cos (2t)
is to be simulated, then ISIM=2, NCOMP=2
and these cards are as follows

+1.00000 -1.00000
+7.00000 -3.00000 +2.00000 +1.57079
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CARD # 6 Subtitle card. This alphanumeric subtitle is reproduced
in the output

CARD # 7 Second option card. This numeric information is also
reproduced on the output (for user convenience)

Variable Name Preferred/Default
(Format) Description Columns Value
IPR (I2) Print option. Increasing value 1-2 0 !

results in more printing. Use
0, 1 or 2 for normal use.

Values 3, 4 and 5 are useful

for diagnostic purposes, or when

resut-s of intermediate computations

are needed (for example, the first-order
filtered signals, i.e., the information
signals are printed only if IPR.GE.4)

IZTS (12) z-domain to s-domain conversion 3-4
option.

IZTS = -1 conversion to s-domain is
not performed
= ) conversion performed; only
the poles in s-domain printed
= ] conversion performed; in
addition to poles in s-domain
} B the s-domain denominator and
1 numerator also printed.

IREM (I2) Number of coefficients in the 5-6 0
_numerator (of the z-domain model),
counted from the right, and set to
zero

ISPN Method option 5-6

ISPN = -1 pencil-of-functions method
employed
= ] pencil-of-functions method
employed; noise added to
1 simulated data. Must be
;- used only when ISIM=l or 2

= 0 Analysis of noise only Warning: Do not use
=~2 Covaria ce equations used

(for LPC or Prony) For LPC set IREM=19
=-3 Autocorrelation equations

ugsed (for LPC or Prony) For LPC set IREM=19
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IFIX (12)
NFIX (I2)

IBIAS (12)

P IBp (I2)

MNPT (I14)

QI (Fl10.0)

DFAC (F10.0)

Noise correction option
(under development - ignore)

Auxiliary parameter for use
with IFIX - ignore

Bias extraction option

IBIAS = 0 Bias extraction not
exercised
= ] bias extracted

Direct transmission term option

IBp = 0 Constrains b.=0 in
numerator degermination

IBA = 1 Model assumes direct
transmission is present,
and b
with =~ other coefficients

Controls the number of points used
in the computation of error, and

for printing (when IPR.GE.2) and
plotting

z-domain pole of the first order
filter (i.e., the parameter q of
Section I)

Auxiliary variable for use with
IFIX (under development)

21
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Warning: Do not use

values other than 0 or 1

15-16
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SECTION v

APPLICATION EXAMPLES

Two examples will be presented in this section. The first deals
with a simulated noisy signal, x(k)= y(k) + w(k) where y(k) is the response
of a third order transfer function and w(k) is a zero mean noise component.
The performance of the pencil-of-functions method, with and without Gram
matrix enhancement, is compared with that of othér methods [1]-[3]. The second
example pertains to the transient response of a conducting pipe tested
at the ATHAMAS-I EMP simulator. These examples demonstrate the effective-
ness of the pencil-of-functions method as a practical modeling technique.

Example 1

Let

1 2

1-1.922"" + 2~
1-2.682"1 + 2.47627% - 0.7822"

y (k) > 3

where the sequence y is truncated at K=99. The signal under test is
1 - obtained as

x(k) = y(k) + w(k)
where w(k) is a zero mean, uncorrelated sequence with sgandard deviation
equal to 0.0316. The energies of the signal and noise components are 1.82
and 0.1,respectively, hence the sequence under test has a signal-to-noise
ratio of 12.6 dB. The numerical data and a plot of the signal under test
are given in Appendix B.

- The signal under test was analyzed by the following methods. [2].

a) without enhancement of the Gram matrix

3 1. Pencil-of-functions method
‘ b) with enhancement of the Gram matrix

2. Linear predicive coder (LPC)
a) using autocorrelation equations
b) using covariance equations
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3. Prony's method [11]
a) using autocorrelation equations
b) using covariance equations [3]

The computer output for these six runs is given in Appendix B. Here

we summarize the fractional energy error, defined as

K .~ 2
Z (yk) - y(k))
v = X=0 = (28)
z yz(k)
k=0

where ;(k) is the impulse response of the model. Note that i; simulation
wode the model response can be, and is, compared with the true signal.
When real data is tested the true signal is not available, hence x(k)
must be used in this equation instead of y(k).

For the present example the true signal is available, hence the
fractional energy error is computed b; exact application of (28). The

values for the various methods are tabulated in Table 1.

TABLE 1
Method Fractional energy error
Pencil-of-functions 0.0167
Pencil-of-functions with enhancement 0.0016
Linear Predictor (autocorrelation eqn) 0.1444
Linear Predictor (covariance eqn) 0.1567
Prony (autocorrelation eqn) 0.1431
Prony (covariance eqn) 0.1397

The model responses are compared with the true signal y(k) in
Figures 6 through 11. The reader is cautioned that the solid line in
each of these figures represents the true signal, and not the noisy

signal under test. The latter is shown in Fig. B2 in Appendix B.

The dotted line in each of these figures represents the model response.
23




1.00

.80
-

A
Y
Q

0.60

RESPONSES Y

0.20 0.40

0.00

-0.20

o

-0.40

—— true impulse response
-=-- mode] impulse response

METHOD : Pencil-of-functions
(reverse-time with
first-order filters;
q=0.8)

Comparison of true and model impulse responses

1 U ¥ T

60 ({10} 100 12

—_—

'
(o]

24

-




— true impulse response
: 1: g ---= model impulse response
; -
3 o METHOD: Pencil-of-functions
L i (reverse-time with
- .1 first-order filters;
. q=0.8)
8 Enhancement of Gram
1 <> matrix applied;IFIX=1
j-
p
3 >
b &)3,
7]
4
Q
[« %
1 S
'L xo’
| 8]
[ 9
o
4
F*- o
g <
°d
4 -
i
3 8
1 ? T y T T T -
3 "o 20 40 " 60 80 100 120
i‘ —_—k —
F Fia. 7. Comparison of true and mode! impulse responses
i 25




?
&
(=]
2.
- —— true impulse response
--== model impulse response
Q
@
(=]
METHOD: Linear predictor (LPC)
Autocorrelation equations
2 used
<>°]
>-$ ‘
as:
[72]
2
o
.Q
o
L
o
g
8
(=}
3
(=]
S,
o
8
2
? T T T T T T
0 20 I'tel G BG 18 120
——— k —
Fig. 8. Comparison of true and model impulse responses

26




i .

A
Y
o

0.40

1

L

RESPONSES Y

0.20

0.00

-0.20

-0.40

e Lt e st

——— True impulse response

. ---- model impulse response

METHOD: Linear predictor (LPC)
Covariance equations used

P

-0.60

Fig. 9. Comparison of true and model impulse responses

27

<




o gp— - - -7
i °
| .
(=)
, N
| [
! (=] .
| - —— true impulse response
‘ ===~ model impulse response
(=]
. D
¥
8
<>S METHOD: Prony
- Autocorrelation equations
used
79
Aty
73]
pd
O .
g .
No
WS
o
1
i Q
| o N’ e
'1 : o
E o
‘ ct"‘
o
N,
(o]
3
[
°
(=34
(Bt T J T . -
Q Z8 42 G g2 e
— k ——

Fig. 10. Comparison of true and model impulse responses
28




1.60

1.20

1.00

true impulse response

model impulse response

0

METHOD :

A
Y
0.8

Prony

Covariance equations used
(see Markel and Gray [3])

0.6
1

1

RESPONSES Y

'0.40

0.20

0.00
i

-0.20

T U \

c 20 40 €0

-0.40

\

80 160

.—k—p
Fig. 11. Comparison of true and model impulse responses

29

120




This example demonstrates the superiority of the pencil-of-functions

method over two other widely used methods (for modeling impulse responses),
namely the all pole linear predictor and the prony method.
Example 2

As a real world application we consider the use of pencil-of-functions
method to the transient response of a conducting pipe tested at the ATHAMAS-I
EMP simulator. The conducting pipe is 10m long and 1 m in diameter. Hence,
the true resonance of the pipe is expected to be in the neighborhood of 14 MHz
MHz. Also, the pipe has been excited in such a way that it is reasonable
to expect only odd harmonics at the scattered fields. The data measured
are the integral of the E-field; t.e., the measured variable is a voltage.
The transient response used for analysis is shown in Fig. 12 by the solid
line. The results of analysis by the pencil-of-functions method are given
in Appendix C for the case of an 8th order model; the model response, with an

error of 0.0125, ts shown in Fig. 12 by the dotted line. Model poles are:

fundamental -4.280 + § 67.686 Mrad/s  (=10.794 MHz)
3rd harmonic  =-22.470 + j218.200 " (=34.911 MHz)
curve-fit palr  -2.543 + § 12.890 " (= 2.051 MHz)
curve-fit pair -16.547 + j 88,981 " (=14.404 MHZ)

Note that a pole at the origin (due to the integrator) has not
been obtained because we have used the bias extraction option. On the
other hand, the curve-fit pole pair arises because the data do not truly
pertain to the impulse response of a finite order (lumped) linear system.

Next the data were differentiated (actually differenced), and
analyzed by the pencil-of-functions method. The results are given in
Appendix C for 8th order analysis; the model response, with a fractional
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energy error of 0.0369 is shown in Fig 13 by the dotted line (the solid

line depicts the differentiated data). The model poles are:

fundamental =9.453 + 3 71.596 Mrad/s (=11.494 MHZ)
3rd harmonic -25.996 + 3222.340 " (=35.628 MHz)
5th harmonic -113.303 + 3617.095 " (=99.855 MHz)
curve-fit pair -22.268 + § 59.213 " (=10.068 MHz)

Here again a curve-fit pole pair arises because the data do not
truly pertain to the impulse response of a finite order (lumped) linear
system.

We also give below the poles arising from a 6th order model
(the computer output is not given, nor the graphical display of the model

response):

fundamental -9.575 + § 75.106 Mrad/s (=12.050 MHz)
3zd harmonic -14.866 + §221.693 " (=35.363 MHz)
curve-fit pair -14.123 + J 34.045 " (= 5.866 MHz)

The fractional energy error in modeling is 0.0566.
Here again a curve-fit pole pair arises because the data do not
truly pertain to the impulse response of a finite order (lump ed) linear

system,
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APPENDIX A

DETAILS OF PROGRAM POF-FILTER
LSITINGS
PURPOSE, EQUATIONS
FLOWCHART
VARIABLES

FOR THE MAIN AND SUBROUTINES




MAIN PROGRAM

FLOWCHART

Initialization
Read option cards

Read or Generate signal y

Generate information
signals (CALL FILTER)

Compute Gram matrix

l

Perform corrections !
(CALL BUILD2)
(CALL FIX) !

|

Find denominator
(CALL GKRDCT) -

Calculate numerator

Find model response
and error. Print
Find s-domain
parameters

Plot

36 (MAIN-1)




TR T T
LISTING OF POF-FILTER i

PROGRAM “POF=FILTZIR"™

IMPUL SZ~RZSPONSE MODEL ING

BY PENCIL=-OF~FUNCTIONS METHQD
APRIL 1950 -
* DECOUFLED DENOMe AND NLM. DETERMINAT ION® :
FIRST=CROER FILTERS USED*

NOISZ CORRECTION OPTION®

BIAS CORRECTION OPTION® .
ODIRECT TRANSMISSION OPTION® i
RESULTS IN B80TH Z- AND S~ DOMAINS®

PN

s e

“FOF=-FILTER™® MODELS IMPLLSE RESPONSE CF A SCATTZRER/CHANNZL/NZTWORK
IT CAN Bt UScO0 IN SIMUCATICN MODE
OR ON ZXFERIMENTALLY RECORDED RESPONSES.
FOR COMPARISCN PURPOSES IT ALSO PROVIDES
ON AN QPTICNAL SASIS THE FOLLOWING METHOOS
# LINZAR PREDICTOR (COV OR ALTOCORK)
# PRONY
# LEAST=-SQUARES PRONY

NGTESs 1350 LIMZS OF CODEe THIS CAN BE REOUCED SUBTANTIAWLLY

FOR PARTICULAR APPLICATIONSe IN PARTICULARy, ROUTINZS “PLOP“(u7),

"ZTCS™(157) 4 AND "FCLRT*™(20G1) MAY 3& ELIMINATED

IF OAN.Y Z-DCMAIN RESULTS NEEDED

BBV BISPBB33B333333385088838> .

DIMEINSION F(2500) 4U€800),LU(B00)yX(800+11)9G6(21y11) sAM(1L,22

DIMZNSION GM11921)+GESTC(11911),G0IM(L1411) 56 (11911)9eEN(11,11)

DIMENSION V(22) 4VV(22) yAMF (11)9SR(11),SI(11),SPH(11) ' .
ODIMENSION TITLE(7Q)IBUF(512) ,IDUM(L0)

DOU3iz PRICISION DTLALC,3D4ZRROR

COMMON /DAQO/ISPNyOELTA4SIG24DT4QI43IAS,IBIAS,DFAC

COMMCN /DAL/F BARJEBARWFESUMSEESLM

COMMON Z7I0/7IRGWILTWIFRyITFRyIZPRyIROUND, IFLT

REWNINDS

MAXPL=800

MAX=11

MAX2=2%MAX

IR=5

ILT=¢

ISKIP=D :
ChiLun VEQUAT(MAXPL yUsFy0410) g
Chct VEQUATMAXPL UUSFL0911) ‘
CALL VEQLAT(MAX2,VeVV,ed,0) ]
WRITE(ILT,2) !
READUIIRB)(TITLE(I)sI=1,70)

ARITE(ILTH18Y (TITLECI) yI=21,70)

READ(IR,8) (TITLE(I)9yI=1,70) :
REAC(IR, ) (TITLE(I)»I=1,70) 1
REAJ(IR WINPT ¢ IXX g IYY oNy ISI¥M,NCCMP, IPLTJANPT, :
*YYYYodTs2IASy ANSIAS, VAR
NP 1=N+1

NP2=NPL+d

NP3=2Nel

NPNP2aN+N+2

NINFPLENeN®L
IF(ANNPTLE2046) NNPTNPT
IT(0TeEQed o) DT=2140
IFuns2

37 (MAIN=2)
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IF(IPLTLT.0) IFUN=L

IF(IPL T LT 0) IPLT==IPLT

FMAX=1.0

IF(ISIM.EQ.3)G0 TO 63

IF(ISIMJNE «=1)GO0 TO 59

IMAX=0

DO S8 I=1,NNMNT,10

READ(IRV181)(IDUMIJ) yJ=1,10)

DO 53 J=1,10
IFCIABSIIOUM(J))GT, IMAX) IMAX=IABS(IDUM(J))
K=l=1+J

F(K)=I0UM(J)

CONTINUE

FMAX=IMAX

GO TO W5

CONTINLE

IF(ISIMJNZLC) GO TO 49
READ(IRZ193V(F(K) 4K=14 NNPT)

FMAXZd.0

DO W1 K31,NPT
IFC(ASS(FUK) Ve GToFMAXDIFMAX=ARS (F(K))
CONTINUE

NBIAS=ANSIAS
IF(NSTASEQOINCIASS0,24NNPT
NOIS=NNPT+1-NBIAS

F8=0.,0

D0 57 K=NDIE, NNPT

F3=F3+F (K)

F3=F3/N3IAS

DO 56 K=14,NNT

FIK)S(F(K)=F2)/FMAX

GO TO 61

CONTINLE
IF(ISIM.EQe 1) READ(IRI180) (V(I)sI=1,NP1)
IF(ISIM.2Qs1) READ (IR 180) (V(I) ,I=NP2yNPNP2)
CALL VENLATINFL VINP2) 9=14045043)
IF(ISIM,EQei) CALL RESPON(F oLy NoVyVVoNNPTY
IF(ISIM.cQ.1)G0 TO 61

DO &0 I=1,NCOMP

READ(IRYSIAMP (I)eSR(ID$3I(1),SPH(I)
WRITE(ILTe11) IoAMP (I) oSR(I)+SI(I),SPHII)
CALL SIGNAL (F yNNPT gAMP ySR¢SIoSPHyDT ¢ NCOMP)
CONTINLE

IF(IP.T.GE«1)CALL PLOTS(IBUF,512+9)
REAC(IRSE)(TITLE(I)»I=1,70)
IF(EOF (IR) e NE «3)GO TO 938

WRITECILT,3)

WRITZ(ILTH18) (TITLE(T) y1I=1,470)
REACCIRL3) (TITLE(I)yI=1,70)
WRITE(ILT 28 (TITLE(I)I=1,70)

3LCKSPACE 5

READ(IR,B)IPR o IZTSyIREMy ISPNG IFIXgNFIXyIZIASyI304MNPTH QA I, DFAC
NSTRT=2

IF(ISPNezQe =2 )INSTRT=NFPL

JIF(1SPN,EQ.=3)NSTRT=|

12PR=)

IF(IPRGE23e sNLoIPReLESIC)IZFR=(IPR=-20)/ 20
ITPR=J
IF(IPR.SE
IPR2IFR-L

«30) ITPR=Y
C2(IFR/710)

it i
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IF(ISPNOL;O'Z .AND.IREM.ST.N'I;-:HzN
IF(OFACsEQe0) DFAC=0.1

I3Ss:

IF(ISIAS.£Q.()I5S5=0
IF(IBIAS«Ee0)IBIAS=0

IROULND =0

CORRULPT SIGMiL IF DESIRED.
PRGOCESS WITH FIRST ORDER FILTERS

CONTINLE

IF (VARGGE«1402=-6) CALL CORULPT(F,XsVARZNPT, MAXPL)
CONTINLZ

IF(VARL.GE.1.0E=6)GO TO 99

DO 30 K=14NPT

X {Kel)3F(X) +31AS

CONTINLE

INT==2

IF (ISPNeLE=2)INT =2

IF(NPL.GTeLICALL FILTER(X,NFT ¢NP1,MAXPL,,INT)

COMPUTE GRAM MATRIX

NPPaNPYL

IF(ISIASNE 0 INPP=NP2

DO sl Izi,NPP

DO 44 J31.NPP

40204

IF (ISPN.EQe0e ANDs IROUND+EGs0) GO TO 43
B0 42 K=NSTRT,NPT

AQ=AQeX(KyI)® X(Ky )

GN(I,J4)=A0*0DT

1J1=IABS(I-J)+1
IF(ISPN.EQ.-3.AND.I.GE.2)GN(I,J)=GN(1,1J1)

GOUMIIZJIZGN(Iy )

CONTINUZ

IF (IROUNDSEQe0)G(TIoJ)=GN(IoJ)
CONTINUE :
IF(ISPNeNE «Go ORSIROUNOCNE D)

1CALL GKRDCT(Gh’EoCET,V,r‘FF,t\PP"‘AX'1,
IF(IROUNDGEQe C) WRITE(ILTH172)DET
IF(IROUNDEQe 1) WRITE(ILT4172)DET
IF(IPRGELICALL PRTMAT(GN o NPFyNPPyMA Xy =1}
WRITE(I.T,1)

IRD=IRCUND

IF (IROUND.EQes 0) IRCUND=SIRGLND+1
IF(IFIX.2Qe~1)G0 TO 203

ESTIMATZ OF ** G

CALL BUILDZ(AMyVyNPLyNPT 4 FAXyNFIX)
ecceeFl REPLACED 3Y NPP MNEXT 3 CARDS~--

CALL FIX(SOUM g AMyGESTsSoVINFP yNPPySIG2eMa Xy IFIX)
IFC(IFIXeEAed) WRITE (ILT4452)SIG2

Chle SXRDCTI(GES TyE40ETsViNPFyAPPyMAX 1)
WRITE(ILT,162)0ET

IFUIPReIESLICALL PRTMATI(GESToMPLYNPLyMA X, 0)

00 154 I=2i,NPL

30 156 JSieiPiL
GOUMIT4J)=GEST (I
HFIXBiFIX=}

39 (HAII=-4)




IF(NFIXeGEL1)GO TO 156
ISKIP=Y
IRJIUND=D

DETERMINE NUMERATCR

CONTINUE

IF(IBS.ZQ.1)IBIAS=1

IF(ISPN.2QeG) GO TC G9&

CALL VEQUAT (NFL,VINP2) 4VV,0,0)
VINF2)2=1,0

CALL RESPON(X (1+1) +UasNoVyVVINPT)
IF(IPRGECWIWRITE(ILT174)
IF(IPRGESWIWRITE (ILT9210) (X(Ky2l) s K=1yNPT)
CALL FILTER (X +NPT 4NPL1=IREMsMAXPL,2)
LaN=IRENM

IF(IBIASNEGIL3L+L

LPi=L+1

LP2=L¢2

IF(IBIASNE.OICALL VEQUAT (NPT oX(1+.P1) oL, 0y 11)
CALL VEQUATINPT X (14,LP2) 4Fys0s1)

CALL VZQUAT (NPT X (1,LP2) y3IAS,0,4)

IF (IPRGESIWRITE (ILT220) (X (KsI) o K=19yNPT) yI=21,iP2)
L=sL+I50

LPizl+1

00 216 I=1.L

DO 216 J=iviP1

AD=20,0

D0 215 K=1,MNPT

AD=AD+X(KyI+1=IB0)*X (KyJ+1-I30)
G(I,J)=AD*DT

IF(IPRGESICALL PRTMAT(G L +LPL1eMAX42085)
CALL GKROCT (G ¢E9DEToVVeL oL o MAX,0)
IF(IPRGES)ICALL PRTMAT(c oL oL yMAX,207)
CALL VEQULAT(INPLIVV.AMP,0,0)

00 220 I=i,i

AD=0.0

DO 219 J=i,L

ADSADLE(IJI*GlIsLFL)

Vv (I)=24D

FMZANS(.0

IF(ISTASNEO)IFMEANSVV (L)

CALL VEAUAT (IREM, VVIN+IS0=IREM+1) yAMP,0,40)
VINP2)=0.0

CALL VEQUAT(N+I30,V(NP3-1IBO),VV,0,s1)
IF(IPReGE2IWRITE (ILTH12)FMAX
WRITE(ILTy303)FMAX
WRITE(ILT,210)(V(I)I=1,NFL)
ARITE(I.TH210){(V(I)IZNP24NFNP2)
IF(IBIAS NESIIWRITE(ILT»305)FMEALN

MODZL RISPONSEy AND ERROR.

IF(MNPT.Cde G) MNPTENNPT

CALL VEIWAT (IFL4VINPI) y=1e0¢0,43)

CALL RESPONIX (L 42} sUsNoVeVVMAPT)

CAiLl VEILAT(MAPT ¢ X(102)9oFMZAN0ek)
tRROR20.4

FF3uM=0.0

00 213 (3201":‘57

X (K ys) 2F (<) *F MAX+3IAS 40 (MAIN-S)
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| FCRMAT (/) 41 (MAIN-6)
L e ———

XK 92) X (K9 2) ¥FMaX
FRSUMSFFSUMX (K +1)%X (Ke1)
X(Ky3)3X(Kod) =X (Ky2)
ERRCORZERROR X (K 93 )*X (K, 3)

FFSUMSFFSUM*0T

ERRQOR=ERROR*DT

RATIO=SERROR /FFSUM
WRITE(ILT,304)ERRORyFFSUMIRATIO
IF(IPRGES2IWRITE(ILTH112)
IF(IPRGEC2INRITE (ILT9130) (X(K9l) K31 4MNPT)
IF{IPRGEC2IARITE (ILTo113)
IF(IPReGCe2)WRITE (ILT 9 110) (X(K92) 9K 1 ,MNFT)
IF(IFRGEC2IWRITE (ILTH114)
IF(IPRGEWZIARITE (ILTHL10) (X(K93) oK=L MNPT)
DELT=DT

IFCIZTS.GEWL CYCALL ZTOSH(V (1) oVINP2) g NyDELT »I2T3)

IF{IP.T.EQ.0)GO TC 239
IF(IPLT.EQ«1)G0 TO 238
DO 239 I=1,2

KK=Q

DO 230 XK=l ,MNFTHIPLT
KK3IKK+1

XIKKyI)=X(KoI)
MNPT=MNPT/IPLT

T0=0.0

DELT=DT*IPLT

CALL PLOP(MNP Ty IFUNS Xy MAXFL oTOoDELT 91nY y1HT 4IBUF)
CONTINUE

FORMAT STATCMENTS

FORMAT (I4,6I214y€F10.0)

FCRMAT (5F10.3)

FORMAT(8I2sIusbLF10.0)

FORMAT (70AL)

FORMAT (2X,70A 1)

FORMAT t1G(5XeF5.,0))

FORMAT (10(5X, I5))

FORHAT‘ZX’IZQ. AHFz"FBQZ'. =',F10.‘0" * J*F10eby
1*  PHASZ=*,F10. W)

FORMAT (2X,®*WAVEFORMS AND MUMER. SCALED BY XMAX=2®,F12.5)
FCRMAT (10X ,8RG MATRIX)

FCRMAT(L0Xys56H M MATRIX)

FORMAT (10X 9 11 FGEST MATRIXs® (DET=® 4G13464*)%)
FORMAT (2X95 (2X9G1346))

FORMAT (20(1X9F5.2))

FORMAT (2Xs10(F7404))

FORMAT (2X, *ORIGINAL SIGNAL (INCLUDES BIAS,IF ANY)*,/)

FORMAT (2Xy *IMPLL.RESP OF MCOEL (INCe3 =HAT yIF IEIASNEU)*y/)

FORMAT (2Xy ®2RROR=F (K) =FREC (K) *4/)
FCRMAT (10X ¢ 14HNOISY X MATRIX)

FORMAT (L0Xe8hX MATRIX)

FORMAT (10X 916 nTRUE GRAM MATRIXy® (DET=4,G13.649%) %)
FOCRIMAT (10X 17 ANOISY GRAM MATRIX,* (DET3*,GLl3.64%)*)
FORMAT (2Xx,*IMPULSE RESPONSE OF 1/A(2)%)

FORMAT {5F10.0)

FCRMAT (1QI5)

FCRMAT(L0F846)

FORMAT (2X, ST TF S(Z)/7A4(21% 4% (FMAXZ*,€12.5+%)*)
FCRMAT (/42X ¢*SS ZRROR3%,(13.64%SS SIGNAL=*4G13.6,
#2RaTI034,G13464/)

FCRMAT (22X, #=STIPATED McANS3,4613.5)

FOIMAT (*  ZSTIMATED NOISc VARz2#,G12.5)
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FORMAT (1+1)
FCRMAT (7277}

GO TO 1112

- 38  CONTINUE

) CAie PLOT(Q., Gev999)
STOR
END

42 (MAIN-7)




EQUATIONS:

i - ROUTINE VARIABLES

FURTHER DESCRIPTION:

to parameters a
of Section 1

= - Diag{q3a q2! q, 1}

SUBROUTINE: BUILDR

PURPOSE: To generate a conversion matrix to go from vD
of A(z). See equation (9)

i

Conversion matrix (shown below for n=3)

1
-3 1
3 -2 1

U
—
—

]
—
—

Conversion matrix (not to be confused
with the denominator polynomial)

Vector which brings in [/b1 /bz cere

to the routine and takes back

the denominator parameters [a0 a ..

System order plus one

Maximum dimensionality of matrix A

43
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SUBROUTINE 3UILDR Ay XeNyMLX)

CONVERSION PMATRIXE REVERSE FOF PRCCESSING == I.R. MCODEL ING
DIMENSION A(MAX 41) oX{1)eY(20)

J0U3L: PRECISION DT.Y

COMMON /BA0/ISPNWDELTAL3IG240T+Q1,31IAS,I5IAS,0FAC
COMMON ZIJ/IRWILTSIPR,ITPRIZFRLIRIUND,IPLT
NMi13N=1

DO 11 I=i,N

Y(I)=0.d

DO 11 J=1,N

A(lsJ)=0.0

A(NsN) 21,0

00 20 JJ=1,NM1

JEN=JJ

DO 15 KK=1,2

K=KK=1

DO 15 I=J,NM1
A(LI+KoeJ)ZA(IeKyJ) +A(I¢1,041)%(1.0=-K=K)
CONTINUE

N1Q=1.0

CHANGZ LD THRU 22 3-17-30
00 22 II=1,NM1

I=N-II

QAQ=QQ+CI

D0 22 J=1,N
AlI,J)=2QQ%A(I «J)

DO 25 I=1,N
IF(IPRWGEWIIWRITE (ILT45) (A(IeJJ)eJU=1sN)
00 25 J=1,N

Y(I)=Y(I)+A(I sJ)2X(J)

DO 2& I=1,N

X(L)sY (I)/7Y (1)

IF(IPRGE«IIWRITE (697) (X(I) 4I=1,N)

FORMAT (2X410G1245)

FCRMAT (* ESTIMATED PARAMETER VECTOR®,/,10613.6)
RETURN

eND
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SUBROUTINE:

PURPOSE:

EQUATIONS:

ROUTINE VARIABLES

BUILDZ

To calculate unit noise covariance matrix
for reverse-time first-order filtering case
(under further development)

K T
Z = I (K-k+l) m(k) m (k)
k=1

vhere m(k) is the vector of unit-pulse responses
of the connection filters

Z Covariance matrix for unit noise

R Work vector

NP1 system order plus one
NDIM Maximum dimension of the matrix Z
NPT Number of points in signal
. NFIX Not used (blank)

FURTHER DESCRIPTION:

© e — e —
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SUAROUTINE BUILDZ(ZyRoNPLyNFT 4NUIMyNFIX)

ALTERNATIVE NOISE CCV PGM FOR ®GNN®
DIMENSIIN Z(NDIMyL) 4R (L)
DouU3Lz PRICISION OT

COMMON /DAQ/ISPNeDCLTA,SIG24DTeCGIy3IAS,I31AS,0DFAC
COMMON ZIJ/IRWILTGIPR,ITFRyIZFRyIROUNDyIFLT
N=QI

TIMESDT*NPT

IOPT=NFIXe]

GO TO0(201410G2+101+201),4iCFT
SC=0T

N3SNPl-1

R(1)=1.0

00 1 I=1,NP2
IF(l.GE.2)R(I)IZR(I=-1)

DO 1 Jsi.NhPL

Z(I,J)=0.0

D0 2 K=1,NPT

NPTK=NPT +1=K

DO 3 J31l,NPL .

BO 3 I=JeNPL

ZAL+sJd)=2(1eJd) RII)*RIJI®NFTK
R(1)=],0

DO & I=1,4N
R(I+1)=232R(I+1) +R ()

CONTINLE

D0 7 J=1,hP1

DO 7 IzJ,nNPL

Z 143132 1,J)*DT*% (I+J~-1)

60 TO 301

CONTINLE

DO 210 J=1,nP 1

00 21 I=JenNPL
IF(IlecQel)Z(151)=TINE
ZUILJ)S(TIME®*2(I¢J=1))/(I+J=1)
WRITE(ILT,1€1)

CONTINUZ

00 174 Izi,NP1

DO 168 J3INPL

2(Ll.J)2Z(JyI)
IF(IPRGEC2IWRITI(ILTV22G) (Z(Io9J)oJ=14NP1)
CONTINUE

FORMAT(10X,* QUANT. NOISE *)
FCRMAT (10X 4*3IAS EFFECT*)
FORMAT (2X95(2X+G13.6))

RETLRN

END

o
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SUBROUTINE : CORUPT

PURPOSE: This routine, useful in simulation mode, can be
called when it 1s desired to add random noise
of given variance to the signal

EQUATIONS:

ROUTINE VARIABLES

VAR
NPT
NDIM

FURTHER DESCRIPTION:

Input signal

First column of X would contain the corrupted
signal; the second column temporarily
contains the noise added to signal

Variance of noise added to signal
Number of signal points
Maximum colummn dimensionality of X

This routine needs a library routine to produce
random numbers (gaussian, zero mean and uncorrelated)

L ey e AL




SUSROUTINZ CORUPT (FeXo VARG NFT 4NOIM)
' AO0OS NQISE
) DIMEINSION F (1) 4XINOIM,1)
DOuU3iéd PReCISION DT,AD,30
COMMON /DAD/ISPN,DELTA,SIG2,0T,4,QI,3IAS,1814S,DFAC
COMMON /DAL/F EAR,C3AR,FZISUMEESUNM
COMMON ZIQ0/IRZILTWIFRLWITFRIIZFRHIRIUND,yIPLT
F34R=0.
tB8AR=0.
FESUM=0.
EESUM=0.
WRITE(ILT,4E5) VAR
IS=2458163
1S2=3376€5
SIGMA=SQRT (VAR)
CALL NRMLINPT 9142904 9SIGMALISIS29X(142),0)
DO 26 K=1,4NPT
> X{Ko1)3F (X)) +3TAS+XN(K,e2)

00 211 K=14NPT
F3sF(K)+8IAS

FESAR=FBAR+F3
E8ARZZZAREX (K +2)
EESUM=EZISUM+X (K 42) *X (K, 2)
FESUM=FESUM+F B* X (Ky2)
IF(ISPN.EQe Q) X(Ky 1)3X(K2)

CONTINUE

EESUM=EESUM*DT

FESUM=2,0%FcSUM*0T

FSARSFEBAR/NPT

O EBARSEEAR/NFT

1 WRITE(ILTyLE2)FBARWEBARIFESUMLZEESUM

3 IF(IFRW.E«2) GO TC 411

9 WRITE(ILT,8)

] WRITE(ILT»110)(X(Ke1) yK=1,NFT)
IF(ISPN.EQeG)GO TO 411
WRITE(ILT,18)
WRITE(ILT»115)(X(Ks2) s K=14NFT)
WRITE(ILT,1)

1 CONTINLE

9 CONTINLE

FCRMAT STATEMENTS

a

FORMAT (10X 16 FROUNDED F SIGNAL)

FCRMAT (10X, 16 WROUNDOFF o RROR E)

FCRMAT(2X45(2XeGL1eb))

FORMAT (20(1XeF5.2))

FORMAT (1X920(1X4F543))

FCRMAT (2XySFFBARSyELlets bl ESARSIEL1LelbySH FEZSyELlebyh EESyEllete)
FCRMAT (2Xo®*VARIANCE OF NOISE=®y212.4)

FCRMAT (/)

RETULRN

END

——
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SUBROUTINE: FILTER

PURPOSE: To produce the information signals. Specifically,
this routine performs reverse-time first order
filtering upon the given signal (stored in the
first column of the matrix X)

EQUAT1ONS:

X(k,i+1) = q X(k+1,i+1) + X(k,1i)

ROUTINE VARIABLES
X Matrix of information signals. First column
brings in the signal to be processed

NPT Number of signal points

NP1  Number of information signals (model order plus one)

NDIM Maximum column dimensionality of X

INT Option parameter. -1 for reverse-time
filtering, +2 for unit-shifts (or delays)

FURTHER DESCRIPTION:




SLIRCLTIN: FILTIR(XGNFTOAFL NDIM,INT)
DIMINSION X(NDIM,1)
‘ D0J3LI PRICISIONMN DT4SCs30
. COMMQOiv /7DAQ/ISPNyDELTAWSIG2+0TeGIe3IASyIZIAS,0FAC
' COMMON /IJ/7IRsILTWIPRIITFPRyIZERJIRJUNDLIFLT
GINZIRATE FIRST=O0RDER FITER FRCCZSSID SIGNALS FROM 0OwuTA IN X(K,1)
INT=L CP ] FOR FORWARDy =1 FOR REVIRSE TINME
FIRST=-CROER FILTZRING
INT=2 FOR UMT CZLAYS (X(KyI+1)=X(K=1,I))
N=NPl-1
NP2=shPi+l
I0PT=INT+2
GO TO(S5%1+11411,92),10PT
FCRWARD FIRST-0QORDER FILTERING
| i CONTINLE
: DO &0 J=1isN
NNENESY
X{(19JdJ¥=X(1,1)
DO w0 K=2,NPT
Ki=K=1 ’
X (CoJJISAI¥X (KL ZJJI) #X(KyJ
b CONTINUE
GC TO 70
REVIRSE~-TIMZ FIRST=0RDER FILTERING
. CONTINUZ
N0 60 J=1,4N
JJdsJel
XINFTyJI)=X(NFT 1)
XANPToJJ)=0.0
i BOSXANFT 3JJ)
! D0 60 KK=2,MNPT
K=ENFT+1=-K< f
Ki1sKeli
CHANGED NEXT CARD 3/17/80
30=30+QI*xX(Ky J)
B0=Q0I*30+X(XyJ)

R e s W e iy M il Nt s m-mﬂwmﬁb'w ‘ﬂ

e e Aapraan

X (KyJJ)=ED

CONTINLZ
IF(I2IAS.2Q.01)60 TO €2
IPAR=I3IAS~1

DO 81 KKS140NPT
TIA=Z=DT*KK

1 K=NPT+1=-XK
X{KoeNP2)=2TIMI*+IPUR
CONTINLE

56 TO 73

GINERATZ UNIT DELAYS
CONTINLE

DO 33 I=2.NFL

| I1=1I-1

t i X(141)303.0

00 33 K=24y NPT

X1z3K=2
X(KeI)3X(K1,I1)

GO TO 31

CONTINLE

SC=1.1

y 0Q 37 I=2yNPL
SC=SC*CT

58 =20 <=21,L”T

C(<el) 250+ X (K 4I) §C (FILTER I)
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CONTINLZ

IF(IFR«.T4IGC TO 99
IFC(IROLNDGeEQe 2Y WRITE (I LTy 278) INT
IF(IROULNDeEGe Gy WRITE (ILT 179 INT
DO 140 I=si,NF2
WRITE(ILT 120 )U(X(K9sI)yKSLy4NPT)
WRITE(ILT,1)

CONTINLE

FORMAT(WL(1XsF124E))
FCRMAT (10(1X, F743))

FCRMAT (L0Xy*F ILTER)INT=+,12,* FOFr PROCESSeD X*)
FCRMAT (LOX 4 *F ILTERZINT=*, 12,4* NQISY FOF PRCCESSED x*)
FORMAT (/)

RETURN

END

51 (FILZTER-2)
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SUBROUTINE:  rix

PURPOSE: To enhance the Gram matrix of the information signals
and to effect noise corrections
(Under further development)

EQUATIONS:

where P is the unit noise covariance matrix

ROUTINE VARIABLES
G Noisy Gram matrix of reverse-time first-order

filtered signals

P Covariance matrix of unit noise (also reverse-time
first-order filtered)

C Corrected matrix

D Work matrix

N Dimensionality of the matrices
NC  Not used
SIG Estimated noise variance
NDIM Maximum dimensionality of the matrices
IFIX Option parameter (Use IFIX=1)

———— o

FURTHER DESCRIPTION:

Under further development
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SUSRCUTINS FIX(G9P9sCoO9XgNoNC9sSIGeNDIM,IFIX)

X R L L R ER YR LR YL L LY LR E R E L L 2 XX ¥ Y ¥ ]

SESTIMATE NOISE INTENSITY SIG (ASSUME WrIT: NOISE)
CORRECT MNOISY MATFIXs C

{P] CINOTZS NOISE MATRIX FOR UNIT NOISE

HC IS THE NCNZIRO SUSMATRIX OF P =CCVv OF NOISE

DIMCNSION G(NOIMy 1) oPINDIMoL) oC(NDIMa1) 4D (NOIMe1)4X (1)
COMMCN /DAQ/ISPN,DELTALSIG2,0T9QI,31IAS, IEIAS,DFAC
COMMGN ZIO/IRGILT,IPRyITFRyIZPRLIRIUNDHYIPLT
BOU3LZ PRZCISION SUMD:T,OT '

SI=SIG

IF(IFIX.EQ.G)GO TC 51

GORP=G(1+1)/7P(1s1)

JCT=Q

SIG6=4.0

JCT=JCT+1

SUMBET=].0

CALL GKROCT(G sD+GDETsX 909 NeNOIM,0)
IF(JCT2Q.L)DETG=GOCET

D0 7 I=1,N

DO 7 J=i,yN

SUMCET=SUMDeT +0 (T 4J) *F (I,4J)
IF(SUMDET LT 0e 0 ANDJIFIX,NEL.2)GO TO 11
SI=1.dC0/SUMDET

WRITE (ILT432YJCT, ICT4GDSToSUMDET,SI
IF(SI/GOPeGT.0.2)WRITZ (ILT,231)

ICT=0

CONTINLSZ

D0 9 I=i+N

D0 32 J=14N

ClI J)3G(IJ)=SI*P(I,J)

IF(IFIX.EQ.0)G0 TC 11

CaLt GKROCT (C9DeCOET9yX 909Ny NDIM,LO)
IF(COETeLTe0eCoORGCOETGTGCET) ICT=ICT+2
IF(ICT«GT.5)G0 TO 10

IF(ICT«GT.0)SI=SI/2.C

IF(ICT«GT.0)GO TO 51

IF(JCTLGEL5)G0 TO 112

THR=0c TG*0OF AC

IF(JCT e=Gel IWRITE(ILT 4 33)DETG9DFAC,THR
SIG=SIG+SI

IF(CO=TeCToTRRICALL MZQUAT(NgN9GeCoNDIMo1)
WRITZ (ILTy34)JCTy ICToG0=T,ySI,COCT
IF(COET«GT«THRIGO TO 3

FCRMAT (2X¢*NOISE VAR EXCESSIVIs SIG/GOPeGTeaGel®)
FORMAT (1 Xe®Je Il GOET,SUMOET,SI1%,2I254E11.2)
FORMAT (L X4 *GDET yOFAC)THR2*,EE 11,2)
FORMAT(LXy*JsI SILC0cT*,2I2y4E1142)
RETULRN

£ND
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SUBROUTINE: GKRDCT

PURPOSE: Basically, this routine finds the cofactors and/or
the inverse of a square matrix. It also calculates
the denominator parameters through pencil-of-functions
method (if ISPN.GE.-1) or the LPC/Prony methods (ISPN.LE.-2)

EQUATIONS:
-1/2

-— -n N'(.
A(-’) = P (?i)

VGS‘, (7,'2-i).

™z

(=

ROUTINE VARIABLES
X Gram matrix of information signals

Y The adjoint or the inverse matrix of X is returned
inY

DET The determinant of X is returned in this variable
XLAMDA Vector of computed denominator parameters
NN Not used (blank)
N Dimensionality of X and Y
MAX Maximum dimensionality of X and Y
IOPT Option parameter; O for finding the inverse

and determinant of the matrix X, 1 to find
the denominator parameters

FURTHER DESCRIPTION:

Scaling has been introduced in this routine to
enable accurate computations even for high order
modeling (say 6 to 10).

This routine calls BUILDR to go from Di to the

parameters a, of A(z).
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SUSRCUTINZ GKROCT (XY 4DiT o XLAMDASNN N yMAX ,IOFT)
OIMENSION XLAMDA(1)

DIMENSTION X (MAX ¢1) ¥ (MAX41)

O0UELE PRICISION A484CyDyt

OIMEINSION NUM (2910G)9SCAL(10)4RSC(10)452(10,10)
D0u3l=z PRECISION DT4SC,AD+3D

COMMON /DAQ/ISPNyDELTA,SIG2+0T4Ql,3IASyIBIAS,OFAC
COMMON /IO/IRGILT,IPR,ITFRyIZPR,IROUND,IPLT
IGKR=1

IF(NeNEe2)G0 TO 3

Y(1+1)3140/X(1,1)

DET=X(1,1)

GO TO 61

CONTINLE

NMAT=N

LPC=0

IF (IS;N.L::.-Z .ANDDIOPT.EQUI’LFC.‘-l
IF(LPCeZCalINNMATEN=Y

cese=e3ChLgm-~-

DC 11 I=1,NMAT

SCAL(I)=1.0

IF(X(I+LPC oI+ LPC) a6TeGo2E=20)SCALII) =SQART (X (I+LPC,I+LFC))
RSC(IN=1.0/SCAL (D)

CONTINLE

DC & I=1eNMAT

00 6 J=1,NMAT

Y(JeI)SX(J+LPCy I+LPCI3RSC(I)*RSC(J)
Z(JoI)=Y(J,I)

IF(ITPRGe e 1) CALL PRTMAT (ZJAMAT NMAT 410,0)

===3EGIN GK REODUCTICN=e==
A=1.0

00 &3 I=1,.NMaT

B o0

L

[ N =]

M
FIND CLARGEST ENTRY A (LoM) IN THE LOWER DIAGOMAL SU3SMETRIX

00 13 J=I,NPMAT

DC 1o K=I, NPFAT

IF (A3S(Y(KyJ) ) eLECDAES(3))GC TOQ 156
3243S(Y(K,yJ))

L=x

Mz

CONTINLE

INTZRCAANSE RGWS

IF(Le2CeI)GC TO 24
D0 23 JZLpWMAT

CaY (Lo J)
Yi{coJd) Y (I D)
Y(I,J)=C

INTZIRCHRANGE CCLUMNS

I‘(H.=G.I)GO TO ¢
&5 (CXRDCT-1)
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D0 26 JS1.NMAT
CY(J,yM)
YUJaMIZY (Je 1)
Y(J,1)=C
NUM(1,I) =0
NUM(2,1) =M
82Y(I,I)

Y(I,.I)=4a

D0 42 J=1,NMAT
IF(JcCe1IG0 TO w2
C2=Y(I,J)}
Y{I.J)=l.0

00 W1 K=L4 NMAT
0=C3*Y(K,I)
E=34Y(K,J)+D
IF(O2ABS(E) eT «1.00-20*0A5S(D))E=0.0
Y{K,J)3E/A
CONTINLE

A=3

RISTORE CO.LMAS

DQ S5& I=2,NMAT
JENMAT+1-1]
KEINULM(2,J)
IF(Ke=BsJIGO TO 52
DO S5: L=1,4NMAT

C3Y (KoL)

Y(KysL)3Y (Jyl)
Y(Jdo)=C
KaNUM(1.0)

RESTORZ ROWS

IF(K.EC.J)GO TO 58

00 57 L=21,NMAT

Ca3Y¥ (oK)

Y(LsK)2Y (L yJ)

YL eJd)=2C

CONTINLE

DET=A

0SCaL=1,.1

00 39 I=i NMaT

DSCAL=SCAL (I) *DSCAL

DET=0cT*SCAL(I)*SCAL(I)

IF(ITPRGGZ421) WRITE(ILT o337)0ETHA4(RSCII),yIZ1,NMAT)
7 FCRMAT (1X,*DET,Ay RSC(I)t *,7E11.4)

IF(IOPT.EQelis ANDs ISPNeGE«=1)G0 TO B1

IF(ITPRGGZ«1)CALL PRTMAT (YoNosNoeMAX,0)

IF(ITPR.Geel) CALL PROMAT(Z2,Y,NMAT,10,MAX,0)

DO 60 I=2,NMT

D0 60 J=1eNMAT

Y(IJ)3Y(I,J)*RSC(I)®*RSC(JI/A

CONTINE

IF(ICPT.NZ«1)GO TC 100G0

IF(ISPNeLEa=2)G0O TO wul

ev oo

5C=1.4

DO 200 Is32yMAT

SCa23SCeCT

PSC(I)=SC(I) 4RSC (1)

IF(IGKReCAe ) XLAMCACINI =RSCUIN*Y(T9l) /YLy )

IS (I6KR45140)G0 TC 2199

$€ (GRRI(CT=2)

b s it b




: AzY(I,I)

' IF(Y(IsI)elTe Ca0)A=0.0
IF (IGKREQe2) A=ABSU(Y (I,I))
XLAMDA(I)=RSC (I)*DSQRT(A/Y (1,1))
IF(Y(I42)etTe040) XLAMDA(I)==XLAMDACI)

39  XLAMBA(I)=SC*XLAMCA(I)

00  CONTINUE

; XLaMDA(1)=1.000

L AT=RSC(1)*0SCAL*SQRT (Y (141))

5 IF(IPRGGECLIIWRITE (6+4106) (XLAMDA(I) 4 I=S1,NMAT ), AT

NPP=N

. IF(IBIASNE O INPPN=1

| CALL 3UILDRUY XLAMDA ,NPP,FAX)

16  FORMAT(S5X,*SYNTHETIC VECTORs AND SQRT(Y11)%*,/,10622.5)
GO TO 1000

»0  CONTINLE

IF(ITPR.LECD)GO TO 449

ARITE(ILT, bud)

CALL PRTMAT (Y ¢NyNyMAX,0)

00 w42 I=1yNMAT

DO w42 J=1yNMAT

Z(I4J)3X(I+1,J¢1) _

g CALL PROMAT (Z oY yNMAT 4104MEX,40)

* FCRMAT (2Xy9G11e4)

FORMAT (2X,® INVIRSE AND PROOUCT MATRICES*) -

CONTINLE '

1 XLAMDA (1)=1.D

B 00 450 I=2,N

‘ XLAMDA(IN=].C

- D0 53 J=i,hMAT

XLAMDA (I)=XLAMOACIN =Y (I~1,J)¥X(J+1,1)

CONTINUE

RETURN

END

AL AR A dERE L A N
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SUBROUTINE MEQUAT

PURPOSE: To set an mxn dimensional matrix B equal to a matrix A
of the same dimensionality

Equation: B=A

ROUTINE VARIABLES: M Row dimensionality of B and A
N Column dimensionaltiy of B and A
B Matrix to be set
A Matrix to which the matrix B is set ]
NDIM Maximum number of rows permissible

IOPT Print option; O for no printing, 2 or greater for
printing

SUSRCUTINZ M QUAT (MyNyByAJNCIM,IOPT)
I0PT=3 SET 3 TC ZERO
1 S EQUAL TC A
10 3 TO IOENTITY
DIMZNSION A(NCIMy1)9B(NDIMy1)
DO 33 I=1,M
00 33 J=SLHWN
IF(ICPTANZ«1)5(1,J)=0.0

taats aatha canPul il ik s LR

IF(I0PTeEiel0ANDeloEGeddIE(IyJ) =140
IF(ICPT.EIel) E(I4JIZA(IVJ)
CONTINGE
RETLFN
1 gEnd

n
G




SUBROUTINE: PLOP

PURPOSE: To plot a pair of columms of the array X
(This routine may be substituted by user's own routine)

SUSROUTINZ PLOP (NPT Y NF oY NDIMoTO,OT 4LASEL oINDEPy ISUF)

NPT2NUMB OF TIME PTS (WARNINGS NDIM SHOULD Bk «Gt «NPT+2)

NF=NUMBZR OF FUNS

Y(Ke ) DATA ARRAY QF DIMENSION NOIM,NF
TOSINITIAL TIMEs DBT=TIMZ INCREMENT
LASzly INDEP = TITLES FOR Y AND X AXES

DIMENSION YINDIMyNF),YY(2),LABEL(L) sINDEF (1)

DIMENSION X(512)4+18UF(512)

COMMON /IO/IRSILT,IPRYITFRyIZPR,IROUND,IPLT

MSNF®*NDIM
MisMel

M2=M+2
NPT1SNPT+1
NPT22NPT #2
X(1)=T0

D0 3 K32,4NPT
X(K)=X(K=1)+0T
DO &6 IsSLi,NF

DO 4 KSNPT1,NDIM
Y(KyI)SY (NPT, I)

INITIALIZZ (LIG. INKy 12INFAFER) MAXe LENGTH=60 IN

CALL PLOTMX (60.0Q)

SET ORIGIN

CALL PLOT(009‘05'3)

CALL FACTOR (5.0/6.5)

BEGIN FLOTTING

Chie SCALZ(XeBeS5¢NPTH1)

CALL SCALZ(Y(191)910e0eMy1)

CAlL AXIS(O0er0ssliIKTIME (SEC.) s
‘-169605’00'X(NPT1)QX(NPTZ))

ChLw AXIS(0es 0sy LENRESPONSES Y AL
$1691069,30.9Y(ML),Y(M2))
WRITE(S4B)X(NPTL) o X (NPT2)
WRITE(Bs7)Y (ML) oY (M2)

FORMAT (LXo#TC 401V (665 OIVI®oL(LX,4F7.3))
FORMAT (1Xy®*Y0 4DIV (10 DIV)I®,L(LX4F7.3))
00 10 I=1,NF

Y(NFTLoT)2Y (ML)

YI(NPTZ,I)3Y (M2)

IF(IecCelICALl LINSIX WY (1,3I)9NPT 1,41~y D)
IF(I1e2Ce2)CALL CASHLN(XyY (142) NPT 1)
CONTINLE

CAEL PLOT(14. '0.0'3)

RETURN

END

58
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SUBROUTINE: POLCON

PURPOSE: To combine the factors of a polynomial in order to produce
the coefficients.

SUBROUTINZ POLCCN(CyR29KygN)
A POLYINOMIAL CONSTRUCTION FRCGRAM NEEZDED FCR 2TO0S
DIMENSION C(L)sR2 (D)
COMFLZX CyR2,CQOMP
DIMENSION DC(2)

EQUIVALEANCE (COMP,DC)
NPL=N+1

0010I=2,NP1

R2(¢(I)=0.0000

R2(1)=1.0000

DOwI=1i N

COMP=C(I)

IF(LeZCeKeORe (DC(1)eEQel+0D00sANDDC(2)eZQe04000))G0 TC o
302JJ=1,1

J=I=JdJ+l

R2(J+1)=R2(J+1)*C(I)+R2(J)

R2(1)=R2(1)*C (I}

CONTINUE .
RETURN
END
Y H bd - e 90 b
EQUATION: (x cl)(x c,) (x = c)
n-1 n
- r1 + t2x + ... ¢+ rnx + rn+1x
VARIABLES: C Vector containing the roots of the factors

R2 Vector returning the coefficients of the polynomial
K Exclude Kth factor if Kf0
N  Number of roots contained in C

€0




SUBROUTINE: POLRT

PURPOSE: To find the roots of a polynomial

IONS: o
EQUATIO a1 + azx + .. + an+1x

(x - pl-qu)(x -pz-jqz) cees (x —pn-jqn)

ROUTINE VARIABLES
XCOF Coefficients of the polynomial (XCOF(1)=a1)

COF Work vector
M  Order of polynomial
ROOTR  Real parts of the roots are returned in this vector
ROOTI Imaginary parts of the roots are returned in this vector

- IER Type of error, if any, returned in this integer variable

Pl obn

A

e SR e

Br e

FURTHER DESCRIPTION:

e e,




SUSRCUTIN. POLRT(XCOF,COF4+M,RCOTR,0VOTI,IER)

COMPUTcS ThE REAL AND CCMFLEX ROOTS OF & REAL POLYNCMIAL

02 SCRISTION CF PARAMZITEKRS
XCCF «VcCTOR COF M=1 CCEFFICIZNTS OF Trhk POLYNOMIAL
ORDERED FROM SMALLEST TO CARGEST POWER
COF ~WORKING Ve CTOR OF LENGTH M+l
M -0RDER OF PC.YKOMIAL
ROQTR-RESULTANT VECTOR OF LENGTH M CONTAINING REAL ROOTS
QF THE POLYNCMIAL
ROOTI-R:eSULTANT VECTOR OF LENGTH M CONTAINING The
CORRE SPONDING IMAGINARY ROQTS OF THE FOLYNGMIAL
IerR <=IRROR COD:z WHERE
IER=0 MNO ERRCR
IER=1 M LESS THAN CNE
IER=2 M GREATER THAN 36
I:R=3 UNAGLE TO DETcRMINE ROCT WITh 500 INTE RATIONS
ON 5 STARTING VALUES
IeER=4% FIGH ORDER COEFFICIEZNY IS 22RO

OIMENSION XCOF(L) ,COF(1),ROCTR(1)4,ROOTI (1)

D0U3LE PRZICISION XQe YO oXe Yy XPRyYPRIUXGUY s Vs YT o XT U s XT 2y YT 2o SUMSQ,
1 DX,y0YyTEMPALPFAZXCOF4COFy ROOTRyROOTIHZER L9 ER29XS3S 4 AS4Y¥3SS,YS,TCL
COMMON /IO/IRSILTyIFRyITPRy IZFRyIROUND,IFLT

LIMITED TO 36TH ORBER PCLYNOMIAL OR LESS.
FLCATING FOINT QVz=RFLCW M4LY OCCLR FOR HIGR ORDEF
POLYNCMIALS BUT WILL NOT AFFZICT THE ACCLRACY OF THE RISULLTS.

METHOO
NZWTON=-RAFHSON IT-ZRATIVE TcCHNIQUE. ThE FINAL ITzRATIONS
CN ZACH ROOT ARE PERFCRMED USING THE CRIGINLL POLYNOMIAL
RATHER THAN ThE RZOUCED POLYNOMIAL TO LVOIO ACCLMULATED
ERRIRS IN THE REDUCCD PCLYNOMIAL,.

ER251.00+570

TCiLs1.00=3

IFIT=]

N=

IER=0

IF(XCOF(N+1)) 10+25,10
10 IF(N) 15415438

SET ERROR COCt TO 2

15 IzR=1

23 IF(IER)203+2021+200

3 WRITE(E,203)IcR

3 FCRMAT (L Xy *ZRROR CALLED FROM FQLRT, IER = *,13)
. RETURN

SeT ZRR0R COCc TO &

[h%)
3

SET I3R0R €IOCZ TO

[\Y]

!‘ ~

(22

(8-

)

vy

t
H

')
LIFY

9,

et ¢ s
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30

32
35

4

45

Sa

59

65

IzR=2

60 T0 20

IF(N=36) 35,35,30
NX =N

NXX=Nel

N2=1

KJl = N¢3

00 40 i=1,KJ1
MTaKJl=L+21

COF (MT)=XCOF(L)

SET INITIAL VALLUES

X0=.,03570101
Y0=0.01000101

ZcRC INITIAL VALUE COUNTER
s=~====3EGIN ITERATION=~cccccccecccacccaaa
X AND Y ARE ThZ REAL AND IMAG PARTS OF ROGT
IN=0
X=xXQ

INCREZMENT INITIAL VALLES AND COUNTER

X0==13.0%Y0
YO==10G.0%X

SET X AND Y TO CURRENT VALLE

X=X
Y=YC
INSINe+1
G0 T0 55
IFIT=4
XPR=X
YPR=Y

CVALUATZ POLYNCMIAL ANC DERIVATIVES

ICT=0
UX=0.9

UYy=0.0

V =0.8

YT=0.0

XT=1,0
UsCOF(N+1)

IF(L) E5,130465
D0 70 I=1i.N

L an=]+1
TEMFZCOF (L)
XT22X*XT=y2YT
YT2=2X*YT+y3XT
UsUeTorMPexXT
VEV+TIMPAYT2
FI=sI
UXILXeFI®*XT*TENP
LYSUY=FI®YTaTgupP
YT24T2 23 (FCOLRT-2)
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75

&5
<0

S5

1G9

-
TN

YT=YT2

SUMSGaUX*U X+, Y*LY

IF(SLMSQ) 75,110,75

DXz (VeLY=URUX)/SUMSA

X=X+0X

DY==(UsJY+VeX) /SLMSQ

ILJC=75 N
IF(ITPR.GE« 1) WRITE(ILT»0uu2) ILCOC

Y=Y +0Y

Xss=X

YSS=y

IF(YSSe£Qe0.0D0)YSS=1.000

IF (XSS «£Qe0.000)XSS=1.000
RMAG=SCRT (XSS *XSS+YSS*YSS)

MOODIF.APR.80 *SS TO °*SS+.00001°RMAG IN NEXT CARD
ERL=2ASS(DX/(XSS++ 00001 *RMAG)) +ASS(DY/(YSS+,0G001*~kMAG))
IF(ITPReGEe 1) WRITE(ILT yo44)CX,XSSy0Y,YSS,ERLHER2
ILOC=77

IF(ITPR.GC«1) WRITE (ILTy0u42) ILCC

IF(ERL.GT.ER2)GO TO 78

ER2=2ER1

XS=XSS

YS=YSS

IF(ER1-TCL)100,86,80

STEFP ITERATION COUNTER

ICT=ICT+1

IF(ICT=5G0) 60,85,85

IF(IFIT)I13G450, 100

IF (IN=5) 50,45, S5

mcecemmceccaceeiXIT FROM ITERATIONS mccommeeem=

SET ZRRQOR CODE TO 3

IER=3

X2XS

YsYS

ERL1=ERZ

DO 105 L=1,NXX
MTSKJl=C ¢+l
TEMPSXCOF(MT)
XCOF(MT)=COF(L)
COF (L) =TEMP

ITZMF=N

NSNX

NX=ITzZM?

IF(IFIT) 1204554120
IF(IFIT) 115,500,115
XEXPR

Y=YPkK

IFIT=)
IFLABSIY)=1.00=-82435(X))2354225,125
ALP=A=X+X .
SLUMSQsXeX+Y Y

N=N=2

GO TO 14¢C

X2Je3

NXENX=-1
MY KENAX L 64 (PCLzIT-3)

s s A AR

. I ST S O S W,

cad 3 e

. it o




{ 135 Y=3.0
SUMSG=0.0
ALPHA=X
N=N=1
14d COF (2)=3COF(2) +ALFRA*COF (1)
145 00 153 Ls2yN
150 COF (L+1)SCOF(L+1) +ALPRA®CCF(L)~=SUMSQ*COF(L=1)
155 ROQTI(N2)=Y
ROQTR(N2) =X
IF(ER1GT«TCLIWRITE(69554)N2,ERL
554 FOCRMAT (LX,*ERROR ON *,I3,* Th ROQT IS *»,D010.3)
ER221.,J0+50
N2=N2el
IF(SUMS]) 160,1€54160
160 Y=aYy
SUMSQ=0.0
60 TG 155
163 IF(N) 20420545
2 FCRMAT (2Xo*TEST IN POLRT*,I5)
vl FCRMAT (1 Xo*0OX XSS 9y0Y s YSSyER1=C*42E86192Xe 28 80192X928E5.2)
RETURN
END

4
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SUBROUTIRE

PURPOSE:

EQUATIONS:

ROUTINE VARIABLES:

PRDMAT

This subroutine computes the product of two square
matrices.

A « A*B

A, B
NDIM1
NDIM2

LOC

N x N matrices
Maximum row dimension of A
Maximum row dimension of B

An integer which is printed

6¢
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SUBRCUTINE PROMAT (A,8,N,NCIML,NDIM2,LOC)

COMFLTES PRODLCT A = 4*3

DIMENSION ACNDIML 1) 43 (NDIM241),C€10,10)
IF(L0CGE.L)IWRITE (6451 L0C
DO 31 I=1,N
r D0 31 J=1,N
: C(I.J)=0.0
D0 21 K=1,N
ClLaJd)=CAIyJ) +A (Il yK)®2(KydJ)
CONTINUE
DO ul1l I=1,N
DO 41 J=1,N
A(I,J)=C(I,J)
DO 45 I=1,N
WRITE(E413) (A (T yJ)yJ=1,4N)
FCRMAT (+ LOCATICN/INTCGER=*,1I5)
FCRMAT (2Xy10G13.6)
RETURN
END
FUNCTION COMB (N 4M)
CALCULATES COMIINATION M CUT OF N
IF(NsEL0)GO TO 99
L=
LD=1
IF(Me2G.0)GO TO 8
MNi=N=Mel
- DO S I=MN1yN

Lsi*]

00 7 I=1,M
LD=L0*I
CoM3=./.0
RETURN

END

ol maeti o ean
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SUBROUTINE: PRTMAT, PRTIVEC,  PRCVEC,  PRVEC

PURPOSE: These four subroutines perform printing of arrays,
PRTMAT of matrices and the other three of vectors.
See subroutines for comments.

EQUATIONS:

ROUTINE VARIABLES
Subroutine PRTMAT

A Matrix being printed
M Its row dimensionality
\ N Its column dimensionality .
NDIM Maximum number of rows permitted
LOC Use LOC=0. If nonzero, this same number is
printed.

FURTHER DESCRIPTION:

63
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SUBROUTINZ PRTMAT (AsMyNyNDIM,LOC)

PPINTS A MATRIX, AND AN INTEGER (PERHAPS & LOCATION) IF LOC.GZe1

DIMZHLSION A(NDIM, 1)
IF(LOCGE«LIWRITE(6+5)LAC
00 31 I=i,M
L WRITE(B413) (A(I4J)9J=1yN)
FORMAT (» LOCATION/INTEGER=*,1I95)

' FORMAT (2Xy10513.6)
RETURN
END

SUBROUTINZ PRTVEC (A4N)

PRINTS A COMPLEX VECTOR,y MAX N=5
WHZN VARIABLE IS SINGLE PRECISION

COMPLEX A(5)

' WRITE(Es1) (ACT) 121N}

* FCORMAT (1X42212544(3X4221205))
3 RETULRN

END

SUSROUTINE FRCVEC(A,N)

1 P PR PP R YRR ELEL LR L)

PRINTS A CCMPLEX VECTOR, MAX N=5
WREN VARIABLE IS DOUBLe FRECISION

COMPLZX A

DIMENSION A (L)

WRITE(E91) (A(I)sI=1,N)

FCRMAT (1X42012e544(3X9201245))
RETURN

eND

SU3RCUTINZT PRVEC(A4N)

2 THIS SUIRJUTINE OUTPUTS DCUBLE FRECISION SINGLE DIMENSIONED ARRAY
‘ DIMENSION A(L)

WRITE(E41) (ACI) yI=1,yN)

FCRMAT (1X,6016.6)

RETURN

END

dhaain ‘ 1------ﬂJ




SUBROUTINE: RESPON

(o o

PURPOSE: To determine the response of the digital transfer
function H(z) to an input sequence v(k). The coefficients
of H(z) are given to the routine in the NPNP2=N+N+2 vector

GAMMA
EQUATIONS:
b + 6,1" Y S
! HL! = ~n
: t ko, & 0 0+ a,T
xl( = —aIxK°I — TG A .y F bcv;‘:p...rbn‘/,-n

ROUTINE VARIABLES

X The vector which returns the response of H(z)
V  Vector containing the input sequence
N order of transfer function H

GAMMA  Vector of coefficients of H A i

GAMMA = (1, CSTRRT TR -bo, —bl, cee -bn) !
XLAMDA Work vector
MPl Number of response points generated _ r

FURTHER DESCRIPTION:

The routine assumes zero initial conditions

— - -




SU3ROUTINE RZSPON(XyeVaNsGAMMA,XLAMDA,MPL)

] DIMENSION X(1)oV(1) sGAMMA (1) XLAMDA (1)
DOU3L: PR:CISION XSAV,AC,20
NM13Ne1
NP1zN#d
NPNP1sNeN+1
NPNPZ=NeN+2
D0 19 I=1,NPNF1

) XLAMDA (I)=2040
XSAVEG .0
DO 20 K=i,MPL

. IF(N.EC.1)GO TO 25

b DO 21 I=1,NML

JaNFl-l

s XLAMBA (J) =XLAMDA(J=1)

: CONTINUE

4 00 22 I=i,N

JENFNP2-1

XLAMDA (J)=XLAMDA(J=1)
XLAMDA (1) =XSA V

XLAMDA (NPL) =V (K)

. XSAV=Z0.0

DO 23 I=1,NPNF1

XSAVEXSAV-GAMMA (I+1) $XLAMCA (I)

IF (DA3S(XSAV) «GZe1.0E20) XSAV=0,0

X (K)=XSAV

RETULRN

END

71




This routine generates a signal which is a weighted

pa— rov——
SUBROUTINE: SIGNAL
PURPOSE:
sum of exponential*sinusoid terms
EQUATIONS:

m -0, t

i
f(t) ifl wi e Sin(Bit + ¢1)

F(k) = £(kA)

ROUTINE VARIABLES

F  Vector returning the generated signal
NPT Number of signal points generated
AMP  Vector of weights associated with each exp*sinusoid term

SR Vector of exponents "

SI Vector of radian frequencies "
SPH Vector of phases "
DT Sampling interval

NCOMP Number of terms

FURTHER DESCRIPTION:

This routine is useful only in the simulation
mode and is called when ISIM=2




SUBRCUTINE SIGNAL(FyNPT,AMP,SRySI¢«SPHyDT 4 NCOMF)
DIMZNSION FUL1)4,AMP (1) ySR(1),4SI(1),SPH(L)
COMMON /ZIJ/IRZWILTSIPRyITPRyIZPRyIRIUND,IPLT
DOUBLZ PRZCISION A43,CeX

DO 12 K=1,NPT

F(K)=0,.0

00 20 I=i,NCOMNMP

AsSSR(I)*DT

8=SI(I)*0T

C=SPr(I)

00 15 KK=1,NT

KaKK=1

X=AMP(I)

IF(AeNEe 00 IX=SX*DEXP (A*K)
IF(BeNEeOs0)X=X*DSIN(32K+()

F{KK)=X+F(KK)

CONTIHLE

IF(IPR.LT.2)G0 TO 30
ARITE(ILT,9)
ARITE(ILTB) (F(X) sK=1,NRT)
ARITE(ILTH 1)

CONTINUE

FCRMAT (/)

FCRMAT (20(L1XsF3.2))

FCRMAT (10X 4® F SIGNAL®)
RETURN

END

73

ol s

2P g g =2




——

s

SUBROUTINE: VEQUAT

PURPOSE: To equate a vector Y to another suitable vector
EQUATIONS: I(k) = 0 vector if I0PT=0
= X(k) =1 or 2 (print also)
= Y(k)*X(l) =3
= Y(k)+X(1) =4
=- Gk (1,0,0,0,..) =10
= 1 (1,1,1,1,..) =11
VARIABLES:

NPT Dimensionality of X
Y The vector to be set
X Auxiliary vector

NPUL Not used

IOPT Option parameter (see above)

SUBROUTINI VEQUAT (NPT, YeXoNFUL, IOPT)
IOPT=0 SZT Y TC ZERO
1 OR 2 SET v=( (FRINT IF 2)
3 ScT Y= Y* CONST X(1)
4 SZT Y= Ye CONST X(1)
9 SET Y TOC ZERO
10 ST Y=IMPULSE
11 ST VYsSSTEP
DIMENSION X(L1)yY (1)
IF(I0OPT.E2.0) I0°T=9
D0 33 Ksi4NPT
IF (ICPTeE)els CRAIOPTWEQe2) Y (K)IZX(K)
IF(ICPT.EAe3) Y(K)SY(K)*X (1)
IF(ICPT.ETeu) Y(K) 2Y(K) ¢X (1)
IF(I0PT.G249) Y(K)=0.0
IF(IO0PT.£Q2411)Y(KX)=1,0
CONTINLE
IF(ICPTWEQe2) WRITE(646) (Y (K) 4K=1,NPT)
FORMAT (2X910G612.5)
IF(IOPTecleld)Y(L)=1,0
RETLUFRN
IND

e dm A




A o S+

SUBROUTINE: ZT0S

PURPOSE: Given the z-domain transfer function H(z) this routine
computes the equivalent s-~domain transfer function H(s)

EQUATIONS: H(z) H(s) Impulse invariant if IZTS=0
Pulse invariant B |
Trapezoid invariant " =2

ROUTINE VARIABLES

B  Vector of denominator parameters
A Vector of numerator parameters

Comment - unfortunately, these names are opposite
to the convention used in the rest of the report.
However, the reader need not be concerned about
this unless he wishes to study this routine; in
the latter case, he should bear this in mind.

N  Order of the transfer function
DELTA  Sampling interval

IZTS Option for tvpe of conversion (see above)

FURTHER DESCRIPTION:

See Gold and Rader, or Oppenheim and Schafer, or
Stanley for the theory of z-domain to s-domain
converison.
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! SUSROUTINE 2TGS (B9AyNsDcLTALIZTS)

LA A DX PR LR L E Y DI R LR R TR TR Y R E R L N e N N L L L LYY P

GIVEN THE DISCRETE D& SCRIPTION THIS SUBROLTINE COMPUTES THE
SGUIVALENT CONTINLOUS BOMAIN DESCRIPTICN GF A LINZiR DYNAMIC
: SYSTEM
v THE INPUT ARRAYS A AND B8 ARE FILLED ACCORDING TO The DIFFZRENCE
ZQUATION

ECLI®Y(K) ¢3(2)*Y (K=1) 40 ee+3 (N+1 )Y (K=N)

CA(L) P (K)=b (2)PL(K=1) ~aee=h (N+1)PU (K=N) = 0

3(1) MUST cQUAL 1

PCLES OF T~z CONTIMJOLS JOMAIN MUST B8t OISTINCT AND NON=ZERO
FCR THc TRNSFORMATICN TO Bc VALID

LFON RETURNING ARRAYS A& AND 8 CONTAIN THE EQUIVALENT COTINULOULS
DESCRIPTION STCRED ACCCROING TO THE DIFFEReNTIAL cQUATION
BULI*Y(T)+3(2)*D(14Y(T))+aua+E(N+1) *D(N,Y(T))
=A(LISUT)I=AL2)*¥D(LoULT I ) =0 e~ AIN+LI*DUINLUL(T)) = 3
WHERZ D(My F(T)) = The MThH TIME DERIVATIVE OF FUNCTIONs F

gli+l) ALWAYS IS 2

N = ORDS R OF SYSTEM
N (MAXIMUM) = ONZ LESS THAMN THE DIMENSION SUBSCRIPT

IZTS=0 =-~> IMPULSE

IZTS=1 ===> PULSE

i IZTS=2 =-=> TRAPAZCIDAL

DELTA = SAMPLING INTZRVAL = 1/(SAMPLING FRzQUENCY)

COMPLIX CR¢CAGCFyCGyCFLyCCNL1yCOMHCONT

. COMPLI X PQLE(20),2R0O(20)

t DIMZNSION 3(L)esACL)STEMP(ZO)4RR (20) 9yRI(26)+CR(20)4CA(20)+CF(20)
1CG(20) 4CF1(20),2R(20),21I¢(20)

COMMON /IO/IRWILTyIPRsITPRyIZPRWIROUND,IPLT
CONT=0.00G0

NF1sN+l

IF(A(NPL))GL0 sL12 9410

ICHZCK=2

GO TO 401

ICHeCK=L

530 TC 400

CONT=a (NFL) /3 (NPL)

DO«02I=1,N

A(I)sa(I)=-CONT®3(])
IF(ITPRSGZ 1) WRITE (ILT,ubl)

Cihiue PCURTUEYyTEMP NoRRIRIHIER)
IF(ITARGGZ 41 WRITE (ILT g2 IER

FORYAT (2X,®*GOING INTQO PCLRT®)

FORMAT (2Xy*SE TURNED FRCM FOLPT, IER=%*,12)
D061I=1eN

CRII)=CMPUX(RR(I) «RI(IN)
CF(I)=1.0G20asCR (I}

IF(IZPReGEel) WRITZ(£,1002)

FCRMuT(® Trz FOLZS OF Tre Z-0CMAIN®)
IF(IZ2PReGZe2) CALn PRCVECICF oMY
IFUIZPR{3410)G0 TO 2101

1330284

ZChisl.0G3340 78 ([2708-1)
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31
6
du

CON2=35.3D010

004 J=1gn
CON2=CCNZ*CRII) ¢+a (N=J+)
IF(I~J)344,+5
CONL1=CONL®*(2.0200=CR(I)*CF(UN))
CONTINLE

CA(I)=CON2/CONL
IF(IZTS=2)225,224+230
D0222I=14N

CA(I)=CAa(I)/DELTA
CREIV=C.CG(CR(I))/DELTA

60 TO 22¢

D02I=1,N
CONL1=CLOG(CRII)}/DELTA
CA(I)=CA(I)*CR(I)*CONLI/(CR(I)=1.0000)
CR(I)=COM

GO TO 226

ICHZICK=2

00231I=14N

CON1=CLOG(CR(I))/DELTA

CONR=CA(I)*CR(I)/ ((L.0000~-CR(I))*(1L.,0D00-CR(IIN)
CONT=CCNT=CONZ2* (1.0000+CONL*DELTA=CRI(I})
CA(I)=CON2®*CONL®*CCNL*DELTA

CRUI)=CONMS

WRITE(6,2131) '

FORMAT (2X,*TIME SCALED FCR SCATTERIR®)
WRITE(E,1004) IZTS

FORMAT (LXo®S~ POLES®e5Xy?*SR® 49X 44SI%,IX s *SMAG® yIX s +FR* 47X,

+*12T75=%,12)

DT7T=0,301953125

ROT=DILTA/DT

ROT=1.0

DO 228 I=ieN
SSR==-REALI(CR(I))*ROT
SSI=AIMAG(CR(I))I*ROT
SSM=CASS(CR(I)) *ROT
SSFR=(SSM/6.2831853)
WRITE(6431010) IoSSRySSI9ySSIM,SSFR
IF(IPRLE.Q)IGO TO 1101
FCRHAT (3X» 124 SF124 4)
IF(IFReGELIWRITE (6,1003)
FCRMAT (* NUM_RATOR CONSTANTS OF FACTORIZED H(S)*)
IF(IPRGECLICALL PRCVEC(CALN)
DO 240 I=i,N

POLeE(I)=CR(])

Clie PCLCONI(CRsCGsO0eN)
DO7I=i.NFL

CF(IN=0.03300

DOIK=LWN -

ChaLe POLCONICR,ZCF1,K,N)

DJ33J - 4N :
CFRIJ)ISCFRJ)+CFL(J)*CA(K)
CF(NPL)=0.0000

60 TO (433,ui6)ICHECK
CFINFL)=CONT

2Cu05I=14
CFIY=CF(I)+CONT*CG(])
CONTIWE

I7(IF2.L%2)GC TC 520




FINC ZZRQS

00 507 I=i.NP1L
a7 A(I)=CF(I)
NC=3
0C 510 I=i.NF1
IF(A3S(A(I))eGTalsD=EINC=I~1
10 CONTINLE
IF(NC.EQ.0)G0 TO 520

b s

N1=NO+l
AK=A(N1)
DO 515 I=14N1

L5 A(I)=A(I) 74K
CALL PCLRT (Ay TEMPyNCsRRyRIsIEKR)
DO 317 I=1,NO
ZR(I)=RR(I)
ZI(I)=RII)
ZRO(I)=CMPLX({ZR(I) HLZI(I))

7 CONTINLE
IF(IPR.GE.Z)HRITE(691097)LK

&7 FORMAT (® ZEROS OF H(S)y NUMZRATOR CONSTANT =*,213.6)
IF(IPR4GC.2)CALL PRTVEC(ZRO,NQ)

0 CONTINUZ
D020GI=1,NP1

) B(I)=CG(I)

{ A(I)=CF(D)

IF (IPReGE«1IWRITE (641005)

G5 FORMAT(* S-DOMAIN DENOMINATOR?)
IF(IPReGESL1ICALL PRVEC(3,NP1)
IF(IPRGELIWRITE (6,1006)

06 FORMAT(* S=DOMAIN NUMERATOR®)
IF(IPR.GEL1)CALL PRVEC (A NPL)

01 RETULRN
END

BRRrL:
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APPENDIX B
Modeling of a Noisy Test Signal
The signal considered in example 1 of Section IV is

x(k) = y(k) + w(k) ,
where y(k) is the impulse response of (1 -~ 1.922'"1 + z_z)/(l -2.682-1 + ‘

2.47622

- 0.7822-3) and w(k) is additive white noise. The true signal

of interest, y(k), is shown in Fig. Bl and the signal under test, x(k), is

RN

shown in Fig. B2.

NPT AP

Given below are the (card deck) input to program POF-FILTER and,

succeeding' it, the printer output from the program.

INPUT CARDS

wxaveol L LFC, F330Y VS Az uCio=0F=7143.
NPT IF_3% 3.7 X33 zI~5 3162
v wE0CMP WNFT 27 AnzI2S
1 0L3G3d 3 1+%2 3 1CC =3,C20u05 <1e0Cuf2 +la000230 ~0eilcid0s svadll ;

+2U0LED) =2.330C000 2404785300 =Ce782000 :
+1 637000y =1evl0000 =LaC335008 %
IPS I M4 ISAN IFIX MFIX . FUNCIo~0F=F i0TIC S=- :
2=L L=l~L L+l 1 iel *U.¢ H
I2F T5 v I5eN IFIY LFIX = = CIa=0%=F ). CVI0NCt N=At e

Jel .t L Ll L 1uh 40acl000C +heudlal

IR I5.4 L3/% 152X .FIX -- _7C: oS0l mk--

2ol LmIel L%l L LlL LD

I=F I&M IS-n I-1I4.71X == _fCt Ciye==

2= L=l=l .*J L Liu *243

Iop IS-+ 15~ ZF14 LFLY - SR Y. A_TORC0FTe-

21 1=3+L ted L 131 =Le9

IPF IFZM I53F0n IFIx 1FIC .- 2IZ2Y . CCV=e

2ol L=2=L LD L L1l el
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Fig. B1 True impulse response of a third order transfer function
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SIGNAL UNDER TEST

1.40

]
SIGNAL UNDER TEST

(=]

2. = true signal + noise
= y(k) + w(k)

[=]

23

o (see Fig. B1 for y(k))
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Fig. B2. A simulated noisy signal under test
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APPENDIX C

MODELING OF A SCATTERER RESPONSE

The signal of interest is the recorded response of a conducting
pipe, considered in Example 2 of Section IV. On site digital sampling of

the response was carried out as follows:

k=0 to k=300 Sampling interval = 0.390625 ns
k=301 to 302 " = 0.703125 ns
k=303 to end " =" 1.953125 ns

For analysis purposes we resampled the first 300 data points by
picking up every 5th point; the remainin~s data were used as such to gather
a total of 245 data points. Note that we have ignored the intermediate
sampling rate of the original data points 301-302.

The reconstituted signal was shown in Fig. 12 by the solid line.

Two runs will be presented below. First pertaining to the signal
1 obtained above (from original data). The second pertains to differentiated
(actually, differenced) signal produced from the resampled response (Fig. 13).

Given below are the (card deck) input to program POF-FILTER and,

suceeding it, the printer output from the program; first for the signal

i o oy e

itself and next for the differentiated signal.
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